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Abstract
Despite the relevance of semantic fluency measures to risk for dementia and psychiatric disorders, little is known about 
their genetic and environmental architecture in mid-to-late life. Participants represent 21,684 middle-aged and older adult 
twins (M = 60.84 years, SD = 11.21; Range 40-89) from six studies from three countries participating in the Interplay of 
Genes and Environment across Multiple Studies (IGEMS) consortium. All completed the same measure of semantic flu-
ency (naming animals in 60 seconds). Results revealed small-to-moderate phenotypic associations with age and education, 
with education more strongly and positively associated with fluency performance in females than males. Heritability and 
environmental influences did not vary by age. Environmental variance was smaller with higher levels of education, but this 
effect was observed only in males. This is the largest study to examine the genetic and environmental architecture of semantic 
fluency, and the first to demonstrate that environmental influences vary based on levels of education.
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Introduction

Measures of semantic fluency are widely used in neuropsy-
chological test batteries requiring individuals to name as 
many examples of a cued category (e.g., animals, boys’ 
names) as possible, typically within a minute. Semantic flu-
ency tests are sensitive to a wide range of neurocognitive and 
psychiatric conditions. Impairments have been observed in 
Alzheimer’s disease, depression, schizophrenia, and a range 
of other clinical phenotypes (Henry and Crawford 2004a, 
b, 2005a, b; Henry et al. 2004). In meta-analyses, semantic 
fluency measures are often more strongly associated with 
these outcomes than corresponding letter fluency measures 
(e.g., naming words that start with a cued letter), suggesting 
they better capture impairments due to psychopathology or 
dementia. Thus, we focus on semantic fluency in this study. 
Semantic fluency measures are also associated with several 
other cognitive abilities including language, processing 
speed, executive function, and episodic memory (Gustav-
son et al. 2019; Shao et al. 2014; Whiteside et al. 2016). 
Genetic influences play a substantial role in many aspects 
of cognitive aging, Alzheimer’s disease, and psychiatric 
disorders (Kunkle et al. 2019), yet little is known about the 
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genetic and environmental architecture of semantic fluency 
and its changes across the lifespan that might help explain 
the associations between semantic fluency and these condi-
tions. Using data from six large twin samples, the current 
study firstly examined the heritability of semantic fluency, 
and then tested whether the magnitude of the genetic and 
environmental influences on semantic fluency vary based 
on age, sex, and level of education.

Existing studies examining the genetic and environmental 
architecture of verbal fluency in community samples of mid-
dle-aged or older adults have yielded a wide range of herit-
ability estimates – suggesting that genetic influences explain 
between 20% and 77% of its total variance (Bratko, 1996; 
Giubilei et al. 2008; Gustavson et al. 2019; Lee et al. 2018). 
Some of this inconsistency may be based on the variety of 
fluency measures available (e.g., letter vs. semantic fluency) 
or the fact that higher heritability estimates are consistently 
obtained for studies that based analyses on multiple fluency 
measures or created latent variables (Gustavson et al. 2018; 
Lee et al. 2012). However, it is also possible that the genetic 
variance on semantic fluency differs as a function of age or 
other variables that varied across these studies.

In midlife, there is some evidence that the genetic influ-
ences on semantic fluency are highly stable, at least for 
short intervals. For example, we demonstrated a near perfect 
genetic correlation for a latent factor capturing letter and 
semantic fluency in a community sample of American male 
twins at mean ages 56 and 62 years (rgenetic = 0.94), with 
residual genetic influences on semantic fluency also show-
ing perfect genetic stability (rgenetic = 1.0; Gustavson et al. 
2018). However, focusing on genetic correlations can poten-
tially mask important age-related changes in the genetic/
environmental architecture of verbal fluency. For example, 
even if genetic variance remains perfectly correlated over 
time and does not decrease in magnitude, a decline in the 
magnitude of the environmental variance in older adults 
would result in higher heritability estimates over time. Simi-
larly, an increase in the magnitude of the genetic variance 
would result in higher heritability estimates (providing the 
environmental variance remains the same). Thus, to more 
thoroughly elucidate the genetic and environmental archi-
tecture of verbal fluency, it is important to examine whether 
there are changes in genetic and environmental variance over 
the course of adulthood, especially in large samples with 
wide age ranges.

In addition to age-related changes, it is important to con-
sider how other factors may affect the magnitude of genetic 
and/or environmental variance on semantic verbal fluency. 
Education is especially important because it is highly relevant 
to cognitive aging (Kremen et al. 2019) and is considered to be 
protective against cognitive decline and dementia (Stern, 2012; 
Boots et al. 2015; Dekhtyar et al. 2016). Therefore, higher edu-
cation may be related to better semantic fluency performance 

and/or less steep declines in fluency with age (e.g., age by edu-
cation interaction). Genetic analyses can tease apart whether 
genetic and/or environmental variance on semantic fluency 
differ as a function of education and/or age, which may also 
contribute to the variability of existing heritability estimates.

Finally, it will be useful to explore whether the genetic 
or environmental variance differ by sex. This is important 
in studies of older adults as there are sex differences in life 
expectancy and incidence of dementia. That is, females live 
longer and may be at higher risk for Alzheimer’s disease 
(Mielke et al. 2014; Beam et al. 2018). There also may be 
sex differences in verbal fluency (Weiss et al. 2006) and 
in educational attainment, especially among older cohorts 
(Alexander and Eckland 1974). This may map onto different 
trajectories of the magnitude of genetic and environmental 
variance in females compared to males, and different asso-
ciations between education and genetic or environmental 
variance among females and males (e.g., sex by education 
interaction).

In the present study, we examined the genetic and envi-
ronmental influences on semantic fluency in a sample of 
21,684 individuals from six twin studies from the Interplay 
of Genes and Environment across Multiple Studies (IGEMS) 
consortium (Pedersen et al. 2013; Pedersen et al. 2019). This 
large sample allows us to obtain a fine-grained estimate of 
the phenotypic associations between semantic fluency and 
age, education, and sex, as well as potential interactions 
between these variables. We hypothesized that phenotypic 
associations with age would be non-linear, consistent with 
findings on other cognitive abilities that suggests that the 
rate of cognitive decline increases with advancing age (e.g., 
Wilson et al. 2002; Alley et al. 2007; Nyberg et al. 2012). 
Furthermore, we hypothesized that greater educational 
attainment would be associated with better semantic flu-
ency performance, and possibly with a weaker age slope 
(age by education interaction). We did not make any a priori 
hypothesis regarding the effects of sex, but we examined 
whether it interacted with both age and education in pheno-
typic analyses. In genetic analyses, we examined the extent 
to which the genetic and environmental variance on seman-
tic fluency vary as a function of age, education, or sex. We 
tested three competing alternatives for the moderation of 
genetic or environmental variance by education (increas-
ing genetic or environmental variance, decreasing genetic 
or environmental variance, no moderation).

Method

Participants

Analyses were based on a total of 21,684 individual 
twins (10,831 males, 10,853 females), including 2531 



101Behavior Genetics (2021) 51:99–109	

1 3

full monozygotic (MZ) twin pairs and 4597 full dizygotic 
(DZ) twin pairs (including 1805 opposite sex pairs). The 
full sample was drawn from six studies representing three 
countries (Australia, Denmark, and the United States) 
from the IGEMS consortium (Pedersen et al. 2019). Stud-
ies included the Older Australian Twins Study (OATS), 
Longitudinal Study of Aging Danish Twins (LSADT), 
Middle Age Danish Twin Studies (MADT/MIDT), Midlife 
in the United States (MIDUS), and the Vietnam Era Twin 
Study of Aging (VETSA; also from the United States). 
No studies had overlapping participants. Demographic 
characteristics displayed in Table 1 are separated by coun-
try and by sample (see supplement Figures S1 to S4 for 
histograms).

For more information on each sample, see Pedersen 
et al. 2019. In summary, OATS is a longitudinal study of 
Australian twins born between 1919 and 1946 (Sachdev 
et al. 2009). LSADT is a study of older same-sex Dan-
ish twins born prior to 1920 (Christensen et al. 1999). 
MADT and MIDT are studies of middle-aged Danish twins 
recruited from the Danish Twin Registry born between 
1931 and 1952 (MADT) or 1931-1969 (MIDT; Osler et al. 
2008). MIDUS is a national telephone/mail survey carried 
out in 1995-1996 that included middle-aged twins (Barry 
2014). VETSA is a study of middle-aged male twins, all 
of whom served in the US military at some point between 
1965 and 1975 (Kremen et al. 2013). All studies were of 
community-dwelling twins and not selected on the basis 
of any clinical diagnoses or health characteristics. For 
longitudinal studies, we used data from the first semantic 
fluency assessment only.

Measures

Semantic Fluency

In all studies, participants were asked to name as many ani-
mals as possible in 60 seconds. The dependent measure was 
the total number of correct responses (excluding repetitions). 
Although there were some administration differences (e.g., 
phone interviews for MIDUS, in-person assessment for all 
other studies), all procedures were similar enough to pool 
the raw scores (i.e., the total number of correct responses 
given in 60 seconds). However, to avoid the undue influence 
of outliers, we grouped participants into bins of 10 years 
within each study (e.g., age 40 to 49.99), then winsorized 
any scores greater or less than 3 standard deviations (SDs) 
from the mean to exactly 3 SDs (N = 105; 0.48% of total 
observations). Winsorization was done within each bin of 10 
years to ensure that we did not trim too much data (e.g., so 
40-year-olds who performed well were not trimmed based 
on the population mean of 62 years).

Education

Education was based on the International standard classifica-
tion of education (ISCED; UNESCO Institute for Statistics 
2012). For all individuals, a score of 2 was given for those 
who completed up to a lower secondary education (grades 
7-9; n = 5,569), a score of 3 was given to those who com-
pleted an upper secondary education (grades 10-12 or GED; 
n = 6,862), a score of 4 was given to those who completed 
post-secondary non-tertiary education or short-cycle tertiary 

Table 1   Demographic characteristics of the sample

Fluency data is presented after trimming outlier scores greater/less than 3 SD from the mean to equal 3 SD from the mean (within sample, and 
within 10-year age bins). Only one subject received a score of 0, which was well within the 3 SD range of other 80-year-olds in OATS, so their 
data were not excluded. Raw age data are presented. Education data is shown after collapsing some ISCED bins to harmonize across studies 
(described in method). Australian Studies: OATS Older Australian Twins Study; Danish Studies: LSADT Longitudinal Study of Aging Danish 
Twins, MIDT/MADT Middle Age Danish Twin Studies; USA Studies: MIDUS Midlife in the United States, VETSA Vietnam Era Twin Study of 
Aging

Verbal fluency Sex Age Education (ISCED score)

Variable N Mean SD Range % Female Mean SD Range N (ISCED) Mean SD Range

Full sample 21684 22.24 6.93 0, 45.94 50.1 60.84 11.21 40, 89.16 20434 3.45 1.26 2, 6
By country
 Australia 588 17.66 4.76 0, 32 65.1 71.18 5.34 65.08, 89.16 381 3.51 1.01 2, 5
 Denmark 18511 22.89 7.01 1, 45.94 53.3 61.12 11.51 40, 89 17468 3.35 1.28 2, 6
 USA 2585 18.65 5.06 4, 36.68 23.6 56.48 7.39 40, 82 2585 4.10 0.98 2, 6

By study
 OATS 588 17.66 4.76 0, 32 65.1 71.18 5.34 65.08, 89.16 381 3.51 1.01 2, 5
 LSADT 4232 18.18 6.72 1, 39.25 57.9 76.49 4.93 70, 89 4184 2.67 1.08 2, 6
 MADT 4261 24.43 6.83 2.91, 45.94 49.0 56.39 6.33 45, 68 4254 3.21 1.17 2, 6
 MIDT 10018 24.23 6.31 3, 44.56 53.1 56.64 9.39 40, 80 9030 3.73 1.26 2, 6
 MIDUS 1105 18.03 5.79 4, 36.68 55.1 56.06 10.62 40, 82 1105 4.12 1.06 2, 6
 VETSA 1480 19.12 4.38 6, 32.49 0.0 56.80 3.34 51.08, 66.92 1480 4.08 0.92 2, 6
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education (e.g., vocational school, associate’s degree; n = 
2,825), a score of 5 was given to those who completed a 
bachelor’s degree (or equivalent; n = 3,660), and a score of 
6 was given to those who completed a master’s degree or 
higher (n = 1,518).

Some studies had more detailed interviews allowing 
for ISCED scores of 0 (no education, or less than primary 
education) or 1 (primary education, typically up to grade 
6). Because these cases were very infrequent and specific 
to only some studies, we recoded all scores less than 2 to 
equal 2. Similarly, only some studies differentiated between 
masters and doctoral degrees, so we assigned a score of 6 
to the 65 individuals who had doctoral degrees. Finally, our 
score of 4 is typically separated into two separate scores 
(post-secondary non-tertiary education, or short-cycle ter-
tiary education), but these were collapsed because of low 
endorsement (to make the final measure more normally dis-
tributed). Alternate phenotypic analyses using non-adjusted 
ISCED scores resulted in nearly identical patterns of results.

Data Analysis

All analyses were performed using the R statistical software 
version 3.5.1. All phenotypic regression analyses were con-
ducted using the lme4 package (Bates et al. 2015), which 
used random intercepts to control for the nesting of data at 
the level of country, sample, and twin pair.

Genetic analyses were conducted using the OpenMx 
package (Neale et al. 2016), which accounts for missing 
observations using a full-information maximum likelihood 
approach. Model fit for genetic analyses was determined 
using -2 log-likelihood values (-2LL) and the Akaike infor-
mation criterion (AIC). Good fitting models had the lowest 
-2LL and AIC values (Markon and Krueger 2004).

Genetically informed models were also based on the 
standard assumptions in twin designs. Additive genetic influ-
ences (A) are correlated at 1.0 for MZ twin pairs and 0.5 for 
DZ twin pairs because MZ twins share 100% and DZ twins 
share, on average, 50% of their alleles identical-by-decent. 
Shared environmental influences (C) are correlated at 1.0 
in both MZ and DZ twins. Non-shared environmental influ-
ences (E), which include measurement error, are set to not 
correlate for either MZ or DZ twin pairs. The standard twin 
design also assumes equal means and variances within pairs 
and across zygosity.

The genetic model fit here is displayed in the supple-
ment (Figure S5). To test moderation by age and education, 
twins’ age and education were allowed to moderate the paths 
on their A, C, and E variances, as well as the mean (i.e., 
the phenotypic effect). Age was included as a family-level 
moderator (i.e., the mean age for each twin pair) because 
twins were essentially the same age at assessment (r = 0.99). 
Although we tested non-linear effects of age in phenotypic 

analyses, only the linear effect of age was included in the 
genetic model due to sparser representation after separating 
twins by zygosity and sex. Including a nonlinear effect of 
age in the genetic model appeared to overfit the data and 
did not alter the pattern of results for education. Addition-
ally, because education differed within pair, we used the 
bivariate approach in which each twins’ level of education 
was formally included in the model (Purcell, 2002; van der 
Sluis et al. 2012). This approach simultaneously models the 
genetic and environmental associations between education 
and verbal fluency while testing whether education (and 
age) moderate the genetic and environmental influences on 
fluency.

Our genetic model also included a fixed effect of country 
on the mean (code 1: Australia = -1, Denmark = 0, USA = 
1; code 2: Australia and USA = -1, Denmark = 2). Thus, 
the interpretation of the intercept reflects the mean of group 
means (rather than the grand mean). Parameters were signifi-
cant if they could not be removed from the model without a 
significantly worse fit (using χ2 difference tests). Modera-
tion of sex was tested by fitting separate groups and exam-
ining whether parameters in female pairs could be equated 
with parameters in male pairs (using χ2 difference tests). 
Analyses included opposite sex pairs.

Results

Descriptive Statistics and Preliminary Analyses

Demographic characteristics of the overall sample, and bro-
ken down by country and study, are displayed in Table 1. 
The average age of the full sample was 60.84 years. The 
full sample was evenly split between sexes (50.1% female). 
The mean for ISCED education scores (M=3.45) reflects 
greater than a high school education but not completion of 
any additional degrees (tertiary or bachelors) for the major-
ity of participants. The average individual could name about 
22 different animals in 1 minute. Phenotypic correlations 
between verbal fluency and the other key study variables 
(age, education, and sex) are displayed in Table 2 for the 
total sample and by country and study (see supplemental 
Figures S6 and S7 for scatterplots with trend lines). Effect 
sizes were similar across studies, with the largest variability 
for correlations with sex. Table 2 also displays the cross-
twin correlations by country and study.

Phenotypic Analyses

First, we examined evidence for main effects of age, edu-
cation, and sex, as well as evidence for 2-way interactions 
for combinations of these variables. We estimated non-lin-
ear effects of age using a spline regression with a single 
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cut-point. Possible cut-points were estimated at 5-year inter-
vals between age 50 and 75 (and the mean of 60.84 years). 
The best-fitting model had different linear effects of age 
before and after age 70 (see supplement Table S1 for model 
comparisons with alternate cut-points). In our final regres-
sion model, we also excluded all non-significant interaction 
terms (including these interaction terms did not alter the 
patterns of results).

Results of the regression analyses revealed significant 
effects of age both before age 70, β = −0.207, p < 0.001, 
95% CI −0.228, 0.187, and after age 70, β = −0.634, p < 
0.001, 95% CI −0.689, −0.578, with considerably larger 
effects of age in older adults. Even though these associations 
are cross-sectional, the unstandardized estimates suggested 
that individuals generate about 1 less word for every 7.7 
years of aging before age 70 (b = −0.13), and that this rate 
increases to about 1 less word for every 2.6 years of aging 
after age 70 (b = −0.37).

There was no main effect of sex, β = 0.018, p = 0.169, 
95% CI −0.007, 0.042. There was a significant main effect 
of education, β = 0.215, p < 0.001, 95% CI 0.197, 0.232], 
and a significant sex by education interaction, β = 0.033, p 
= 0.007, 95% CI 0.009, 0.057. Unstandardized estimates 
indicated that about 2 extra years of education (i.e., a 1-point 
higher ISCED score) corresponded to about one additional 
word generated (b = 1.18), with this beneficial effect about 
15% stronger in females. Sex was only weakly correlated 
with ISCED education, with females receiving less educa-
tion than males, β = −0.068, p < 0.001, 95% CI −0.094, 
−0.042], controlling for age, country, sample, and family. 
The pooled results described here are driven by the large 

size of the Danish sample, but results for Australia and the 
US largely follow the same patterns (see Figures S6 and S7).

Genetic Analyses

Next, we examined whether the genetic and/or environmen-
tal variance on semantic fluency varied as a function of age 
(Table 3 and Fig. 1), as well as by education and sex (Table 4 
and Fig. 2). We conducted these analyses in the context of 
the same full genetic model (i.e., with moderation effects 
of age and education on A, C, and E paths estimated sepa-
rately for males and females) but present our evaluation of 
submodels for the effects of age and education separately 
for clarity. Age was standardized, then re-centered at age 
70 and education (ISCED score) was standardized. Thus, 
effects of age are interpreted at the mean level of education 
and effects of education are interpreted at age 70 (i.e., the 
point of the phenotypic regression spline). Parameter esti-
mates and standard errors of this full model are displayed in 
supplemental Table S2.

Moderation by Age

As shown in Table 3 and Fig. 1, there was no evidence for 
moderation of semantic fluency by age. A, C, and E mod-
eration by age could be dropped without poorer model fit 
for both females, all χ2(2) < 2.93, p > 0.231, and males, all 
χ2(2) < 2.45, p > 0.294. Additionally, there was no evidence 
that the A, C, and E moderation effects differed across sex, 
all χ2(2) < 2.86, p > 0.239.

Table 2   Phenotypic and Cross-Twin Correlations for Semantic Fluency Measures

Columns 3–5 display phenotypic correlations between semantic fluency and the other primary study variables: age, education, and sex. Columns 
6–11 display the cross-twin correlations for verbal fluency among monozygotic (MZ) and dizygotic (DZ) twin pairs. Cross-twin correlations do 
not adjust for age, education, and sex effects. Significant correlations are displayed in bold (p < .05). Australian Studies: OATS Older Australian 
Twins Study; Danish Studies: LSADT Longitudinal Study of Aging Danish Twins, MIDT/MADT Middle Age Danish Twin Studies; USA Stud-
ies: MIDUS Midlife in the United States, VETSA Vietnam Era Twin Study of Aging

Variable N Phenotypic correlations with: Cross-twin cross-trait correlations

Age Education Sex MZ All DZ All MZ Male DZ Male MZ Female DZ Female DZ Opp Sex

Full sample 21684 −0.38 0.28 0.01 0.57 0.36 0.55 0.38 0.60 0.40 0.28
By country
 Australia 588 −0.32 0.15 0.08 0.53 0.24 0.39 0.31 0.62 0.15 0.28
 Denmark 18511 −0.43 0.34 −0.02 0.54 0.32 0.50 0.34 0.57 0.38 0.23
 USA 2585 −0.23 0.22 −0.23 0.40 0.23 0.41 0.18 0.40 0.19 0.34

By study
 OATS 588 −0.32 0.15 0.08 0.53 0.24 0.39 0.31 0.62 0.15 0.28
 LSADT 4232 −0.33 0.27 −0.16 0.44 0.30 0.42 0.36 0.45 0.24 0.37
 MADT 4261 −0.12 0.27 −0.07 0.40 0.27 0.42 0.30 0.40 0.19 0.34
 MIDT 10018 −0.28 0.27 0.12 0.56 0.29 0.56 0.30 0.56 0.37 0.24
 MIDUS 1105 −0.29 0.32 −0.11 0.40 0.27 0.42 0.30 0.40 0.19 0.34
 VETSA 1480 −0.13 0.13 − 0.41 0.17 0.41 0.17 – – –
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Assuming a mean level of education, heritability esti-
mates for semantic fluency ranged from a2 = 0.46 (age 45) 
to a2 = 0.39 (age 85) in females and from a2 = 0.47 (age 45) 
to a2 = 0.24 (age 85) in males. Evidence for shared environ-
mental influences was weak in the entire sample, with c2 < 
.10 in all individuals. Nonshared environmental influence 
estimates ranged from e2 = 0.51 (age 45) to e2 = 0.56 (age 

85) in females and from e2 = 0.45 (age 45) to e2 = 0.68 (age 
85) in males.

Moderation by Education

As shown in Fig. 2 and Table 4, nonshared environmental 
influences on semantic fluency were moderated by levels 

Table 3   Model comparisons 
for genetic and environmental 
moderation by age

The model described in the results (and displayed Figure 1) is listed in bold font, which included modera-
tion effects of age and education on the genetic (A), shared environmental (C), and nonshared environmen-
tal (E) influences on semantic fluency separately for each sex, as well as the phenotypic effects of age and 
country in each sex on the mean (and independent means for each sex). Moderation of age was evaluated 
by fixing ACE moderation parameters to zero in each sex. Tests have 2 df because age is allowed to moder-
ate the genetic/environmental paths from education to semantic fluency as well as the unique genetic/envi-
ronmental influences on semantic fluency.

Model ep neg 2LL df AIC diff -2LL diff df p

Full model: mean effects & ACE vari-
ance moderation

64 64474.09 25716 13042 – – –

Test ACE moderation for age
 No A moderation by age for females 62 64474.26 25718 13038 0.17 2 0.919
 No C moderation by age for females 62 64477.02 25718 13041 2.93 2 0.231
 No E moderation by age for females 62 64475.30 25718 13039 1.21 2 0.546
 No A moderation by age for males 62 64476.54 25718 13041 2.45 2 0.294
 No C moderation by age for males 62 64474.13 25718 13038 0.04 2 0.980
 No E moderation by age for males 62 64474.71 25718 13039 0.62 2 0.733

Equate ACE moderation of age across sex
 Equate A moderation of age across sex 62 64476.95 25718 13041 2.86 2 0.239
 Equate C moderation of age across sex 62 64475.07 25718 13039 0.98 2 0.613
 Equate E moderation of age across sex 62 64474.69 25718 13039 0.60 2 0.741

Fig. 1   Moderation of the genetic (A), shared environmental (C), and nonshared environmental (E) influences on verbal fluency by age. The total 
variance (V) is also displayed
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of education in males only, χ2(2) = 12.89, p = 0.002. Spe-
cifically, nonshared environmental variance was lower in 
males with higher education, driven by education mod-
erating the nonshared environmental variance unique to 
semantic fluency (e22 path, supplemental Table S2d). This 

moderation effect was significantly larger in males than in 
females, χ2(2) = 10.04, p = 0.007, where it was nonsignifi-
cant (see Table 4). Additionally, the shared environmental 
variance was higher in males with the highest or lowest lev-
els of education (c22 path, supplemental Table S2d). The 

Table 4   Model Comparisons for Genetic and Environmental Moderation by Education and Sex

The model described in the results (and displayed in Figure 2) is listed in bold font, which included moderation effects of age and education on 
the genetic (A), shared environmental (C), and nonshared environmental (E) influences on semantic fluency separately for each sex, as well as 
the phenotypic effects of age and education in each sex on the mean (and independent means for each sex). Tests have 2 df because education is 
allowed to moderate the genetic/environmental paths from education to semantic fluency as well as the unique genetic/environmental influences 
on semantic fluency.

Model ep neg 2LL df AIC diff -2LL diff df p

Full model: mean effects & ACE variance moderation 64 64474.09 25716 13042 – – –
Equate ACE variance across sex
 Equate A variances across sex 61 64486.75 25719 12948 12.66 3 0.005
 Equate C variances across sex 61 64481.02 25719 13043 6.93 3 0.074
 Equate E variances across sex 61 64476.13 25719 13038 2.04 3 0.361

Test ACE moderation for education
 No A moderation of education for females 62 64476.13 25718 13040 2.04 2 0.361
 No C moderation of education for females 62 64477.31 25718 13041 3.22 2 0.200
 No E moderation of education for females 62 64475.12 25718 13039 1.03 2 0.598
 No A moderation of education for males 62 64474.54 25718 13039 0.45 2 0.799
 No C moderation of education for males 62 64478.07 25718 13042 3.98 2 0.137
 No E moderation of education for males 62 64486.98 25718 13051 12.89 2 0.002

Equate ACE moderation of education across sex
 Equate A moderation of education across sex 62 64477.53 25718 13042 3.44 2 0.179
 Equate C moderation of education across sex 62 64478.08 25718 13042 3.99 2 0.136
 Equate E moderation of education across sex 62 64484.13 25718 13048 10.04 2 0.007

Fig. 2   Moderation of the genetic (A), shared environmental (C), and nonshared environmental (E) influences on verbal fluency by education. 
The total variance (V) is also displayed
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corresponding 2 df test in Table 4 was nonsignificant, χ2(2) 
= 3.98, p = 0.137, again because education specifically 
moderated the shared environmental influences unique to 
semantic fluency (the c22 path) rather than moderating the 
shared environmental association between education and flu-
ency (c12 path). There was no evidence for moderation of 
genetic variance by education in either sex.

Model estimates suggested that nonshared environmental 
influences for individuals with less than a high school edu-
cation (ISCED score of 2) were e2 = 0.61 (males) and e2 = 
0.54 (females) whereas nonshared environmental estimates 
for individuals with a master’s degree or higher (ISCED 
score of 6) were e2 = 0.39 (males) and e2 = 0.53 (females). 
Finally, as shown in supplemental Table S2a and S2b, levels 
of education were associated with semantic fluency through 
a significant genetic correlation in females, rg = 0.51 (rc = 
0.75 and re = 0.02 were both nonsignificant) and through 
a significant shared environmental correlation in males, rc 
= 0.91 (rg = 0.21 and re = 0.07 were both nonsignificant).

Sex Differences

Sex differences in ACE variances are displayed at the top 
of Table 4, evaluated at the mean education and at age 70. 
The genetic variance matrix could not be equated across sex, 
χ2(3) = 12.66, p = 0.005, driven by a significantly stronger 
genetic overlap between education and semantic fluency in 
females than males, χ2(1) = 5.74, p = 0.017. In contrast, 
there were no differences in the shared environmental, χ2(3) 
= 6.93, p = 0.074, or nonshared environmental influences, 
χ2(3) = 2.04, p = 0.361, between females and males. How-
ever, these effects should be interpreted within the context of 
the previous interactions. For example, males show smaller 
nonshared environmental influences (and therefore higher 
heritability) at higher levels of education.

Discussion

We examined, in a very large sample of adult twins ranging 
in age from 40 to 89, the associations between semantic flu-
ency, age, education, and sex. Results of the cross-sectional 
phenotypic analyses revealed that through about age 70, 
individuals produce about one less word for every seven 
to eight years of aging, but the rate of decline may increase 
substantially over time (e.g., one less word per 2.6 years of 
aging after age 70). Each additional point of education on 
the ISCED scale (which corresponds to about 2 years of 
education after high school) related to about one additional 
word produced, and this effect was slightly larger for females 
than males. However, the lack of interaction between age 
and education suggests that although an individual’s level of 
semantic fluency performance is associated with their level 

of education, education may not be associated with a slower 
rate of decline in performance.

Cross-sectional genetic moderation analyses revealed no 
evidence that genetic or environmental influences on seman-
tic verbal fluency varied by age in these middle-aged to older 
participants. Heritability estimates ranged from a2 = 0.46 
to a2 = 0.39 in females and from a2 = 0.47 to a2 = 0.24 in 
males, with the apparent decrease in heritability in males 
driven by increasing nonshared environmental variance 
(rather than decreasing genetic variance). Prior research pro-
vided a wide range of heritability estimates, between 20% 
and 77% (Bratko 1996; Giubilei et al. 2008; Gustavson et al. 
2019; Lee et al. 2018). Our results suggest that it is unlikely 
that the heterogeneity in these estimates is explained by 
the age of the sample (although participants from the two 
largest prior studies—OATS and VETSA—were included 
in the current analysis). Instead, the range in heritability 
estimates may reflect administration differences or the use 
of latent variables in some studies (Gustavson et al. 2018) 
which tend to yield higher heritability. Nevertheless, these 
findings highlight the importance of examining total genetic 
variance rather than focusing on the total percent variance, 
as there was some evidence for moderation of environmen-
tal influences by education (discussed below). A previous 
publication from IGEMS considered age moderation of spe-
cific cognitive abilities but did not include semantic fluency 
(Pahlen et al. 2018). Pahlen et al. reported decreasing genetic 
variance with age for digit span forward and backward but 
not for vocabulary, synonyms, block design, or symbol digit. 
This suggests these patterns of moderation effects may be 
ability-specific.

In contrast to the results for age, there was evidence that 
environmental influences on semantic fluency varied based 
on levels of education. In males, nonshared environmental 
variance in semantic fluency decreased with higher educa-
tion, and shared environmental influences were largest at 
the tails of the distribution. Females showed no significant 
moderation but demonstrated stronger positive phenotypic 
associations between semantic fluency and education than 
males. There has been substantial previous attention to how 
socioenvironmental context moderates individual differences 
in cognitive tests during childhood and adolescence. Gener-
ally, at least in US samples, additive genetic influences in 
cognition have been higher with more favorable parental 
socioeconomic status (Tucker-Drob et al. 2013; Turkheimer 
and Horn 2014), including earlier analysis of intelligence in 
MIDUS based on a composite of 5 tests including semantic 
fluency (Bates et al. 2013). However, similar work on ado-
lescent Australian twins revealed no moderation of intelli-
gence by parental socioeconomic status (Bates et al. 2016). 
There has been little prior work with older adults, but what is 
available suggests that findings based on parental socioeco-
nomic status in children and adolescents may not hold true 
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for attained socioeconomic status in older adults. A previ-
ous IGEMS publication that did not include verbal fluency 
found that genetic variance on cognitive tests was generally 
smaller with higher attained socioeconomic status, with 
perceptual speed (i.e., digit-symbol or symbol-digit tests) 
the one exception (Zavala et al. 2018). Our findings were 
most similar to the Bates et al. (2016) study, revealing no 
genetic moderation by age. However, heritability appeared to 
increase in males, similar to the earlier US studies including 
analyses of MIDUS, only because environmental variances 
decreased. Like our conclusion for age, it is also possible 
that moderation effects of education may depend on the spe-
cific cognitive ability being studied.

Finally, females exhibited greater variance in semantic 
fluency scores than males at the zero point for our moderat-
ing variables (i.e. mean education of 3.45 and at age 70). 
Specifically, although unique genetic influences on semantic 
fluency were similar in females and males (path a22 = 0.49 
in females and 0.47 in males in Table S2a and S2b), addi-
tional overlapping genetic influences between semantic flu-
ency and education were observed only in females (path a12 
= 0.30 in females and 0.10 in males in Table S2a and S2b), 
resulting in a stronger genetic correlation between education 
and fluency for females (rg = 0.51) than males (rg = 0.21). 
These results suggest that although educational attainment 
may not influence the magnitude of genetic influences on 
semantic fluency in either sex, the genetic influences under-
lying educational attainment appear to play a stronger role 
in fluency performance in females than males (at least for 
middle-aged and older females born in the early to mid-20th 
century). There were no sex differences in the magnitude of 
shared or nonshared environmental influences on semantic 
fluency at the zero point for our moderating variables. How-
ever, because environmental variance in semantic fluency 
was lower in the male group with higher education, females 
had larger nonshared environmental influences (and there-
fore smaller heritability than males) at higher levels of edu-
cation, but smaller nonshared environmental influences (and 
higher heritability than males) at lower levels of education.

Strengths and Limitations

This is the largest study to date to examine the genetic and 
environmental architecture of semantic verbal fluency, and 
the first to demonstrate that the magnitude of environmental 
influences varies by level of education in males. The sam-
ple was drawn from 6 studies representing Denmark, the 
United States, and Australia, making it more representative 
than most studies that focus on individuals from only one 
population. However, these samples remain predominantly 
individuals of European ancestry and do not represent the 
global population. All studies administered a similar meas-
ure of semantic fluency, and although there were some minor 

administration differences, there was no need to harmonize 
measures. Although verbal fluency scores were winsorized 
to address outliers, no other steps were taken to remove any-
one who might have met clinical diagnosis for dementia, 
as almost all of the studies lacked formal assessment for 
dementia and those with formal assessments identified only 
a few cases. Moreover, these results inform the association 
between age and verbal fluency performance, but all analy-
ses were cross-sectional rather than longitudinal.

Furthermore, although we controlled for the nesting of 
data within country, sample, and family, using hierarchi-
cal linear modelling techniques, it is important to note that 
the majority of the data came from the three large Danish 
studies that had considerably higher verbal fluency perfor-
mance compared to the other 3 samples (see Table 1). It 
is unclear what factors led to this higher performance, but 
it may stem from language differences or other differences 
between samples (e.g., administration, urbanization, cohort). 
Interestingly, Danish twins had the lowest level education, 
suggesting education differences could not account for their 
higher fluency performance. Indeed, there may be cohort 
effects on cognition (including semantic fluency), in part 
due to education differences across countries not captured 
by the ISCED scores (Briley et al. 2015; Ahrenfeldt et al. 
2018). The structure of the sample precluded identification 
of similar birth cohorts within each country. Nevertheless, 
our post-hoc analyses split by country or sample suggest that 
the effects of age and education do not appear to differ based 
on country (see supplemental Figures S2 and S3).

Concluding Remarks

Semantic fluency is an important construct interwoven with 
a network of other cognitive abilities and highly relevant 
to both clinical disorders and aging/dementia. However, 
there is much to learn about its genetic and environmental 
structure and the way these influences vary based on other 
biological and environmental factors. This study is the first 
to demonstrate that the environmental variance in semantic 
fluency performance may depend on level of education. The 
effect of education on verbal fluency may differ across sexes, 
both at the phenotypic level and at the level of moderation 
of environmental influences. These findings highlight the 
dynamic interplay of genetic and environmental influences 
on cognitive function, and highlight the need to examine the 
genetic underpinnings of semantic fluency (and other cogni-
tive abilities) using very large samples that can capture these 
complex associations.

Supplementary Information  The online version contains supplemen-
tary material available at https​://doi.org/10.1007/s1051​9-021-10048​-w.
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