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Abstract

Mounting evidence suggests that measures of phonemic fluency and semantic fluency are differentially associated with
other cognitive and health phenotypes, but few studies have examined their shared and unique variance, especially using
genetically-informative designs. In this study, 1464 middle-aged twins completed six fluency subtests at up to two time-points
(mean age 56 and 62 years). Confirmatory factor analyses supported a two-factor solution: a General Fluency latent factor
explained variation in all six subtests and a Semantic-Specific factor accounted for additional variance in semantic subtests.
Both factors were explained primarily by genetic influences at both waves (a®=0.57-0.76). There was considerable stabil-
ity of individual differences over 6 years (r=.90 for General Fluency, r=.81 for Semantic-Specific), especially for genetic
influences (r,=.94 and 1.0, respectively). These results suggest that semantic fluency can be viewed as a combination of
general and semantic-specific variance, but phonemic fluency is captured entirely by the general factor.
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Introduction

Neuropsychological measures of verbal fluency have been
widely used in studies of cognitive aging. Verbal fluency is
impaired in Alzheimer’s disease, depression, and many other
clinically relevant domains (for meta-analyses, see Henry
and Crawford 2004a, b, 2005a, b; Henry et al. 2004). The
impairments are observed regardless of whether fluency is
assessed using phonemic fluency (i.e., naming words that
start with a cue, such as words that begin with F) or seman-
tic fluency (i.e., naming words from a given category, such
as types of animals). Phonemic and semantic measures are
sometimes combined into a single fluency score, but there
is substantial evidence that these measures are differentially
associated with neuropsychiatric conditions and other cog-
nitive functions (Henry and Crawford 2004b; Henry et al.
2004; Stolwyk et al. 2015; van den Berg et al. 2017; White-
side et al. 2016). For example, both types of fluency abili-
ties are associated with vocabulary and working memory
updating, but only semantic fluency is associated with lexi-
cal access speed (Shao et al. 2014). Compared with pho-
nemic fluency, semantic fluency is more strongly impaired
in Alzheimer’s disease (for meta analysis, see Henry et al.
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2004), and similar results were observed in a meta-analysis
of schizophrenia, although the disparity was smaller (Henry
and Crawford 2005b).

Although it is clear that phonemic and semantic flu-
ency share considerable covariance (Hedden and Yoon
2006; Shao et al. 2014; Unsworth et al. 2011; Whiteside
et al. 2016), a remaining question concerns whether there
are unique variance components that differentiate phone-
mic from semantic fluency. For example, a meta-analysis of
lesion studies suggested that frontal lesions are associated
with similar deficits in both phonemic and semantic fluency,
but that damage in temporal regions is more strongly associ-
ated with semantic fluency than phonemic fluency (Henry
and Crawford 2004a). These findings have led to the sug-
gestion that phonemic fluency relies on frontally-mediated
strategic search processes, whereas semantic fluency relies
on both frontally-mediated search and temporally-mediated
associative processes (Henry and Crawford 2004a; Unsworth
et al. 2011). Similarly, there is evidence that the number
of words generated during phonemic fluency are driven by
effective switching between clusters (e.g., fright/fight/flight
to flat/fat), whereas semantic fluency is driven more equally
by switching between clusters and generating many words
within each cluster (Troyer and Moscovitch 2006).

Together, these results suggest that there is unique vari-
ance in semantic fluency above and beyond its common vari-
ance with phonemic fluency. It has also been proposed that
phonemic fluency places greater demands on the executive
function processes involved in frontally-mediated strategic
search (Moscovitch 1994). However, it is not clear whether
this reflects unique variance in phonemic fluency or just a
greater degree of strategic search demand relative to seman-
tic fluency.

Thus, it will be useful to quantify more directly whether
there are any unique phonemic-specific or semantic-specific
variance components in addition to their common variance.
In some studies, measures of phonemic and semantic fluency
were combined onto a single fluency factor (Hedden and
Yoon 2006; Unsworth et al. 2011) or loaded onto the same
factor (Lee et al. 2018; Whiteside et al. 2016), which is not
surprising when fluency measures are included in a larger
set of cognitive measures. However, it will be important to
also hone in on variance solely among different fluency tests
to examine whether other unique variance components can
be isolated, especially if they may be particularly relevant
to neuropathology and aging.

The first goal of the current study was to test five different
possible models regarding the covariance among measures
of phonemic and semantic fluency. These candidate models
are displayed in Fig. 1. They include a model with separate
but correlated phonemic and semantic factors (Fig. 1a), a
model with a general factor and two specific fluency factors
(Fig. 1b), models with a general factor and only one of the
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two specific factors (Fig. 1c, d), and a model with only a
general factor (Fig. le). We hypothesized that there would
be a general factor and at least one specific factor given the
evidence for unique variance in semantic fluency (Fig. 1c¢),
though it was unclear whether we would also observe an
additional phonemic-specific factor (Fig. 1b).

Genetic and environmental influences
on verbal fluency

Because cognition is strongly heritable, a more thorough
understanding of neuropsychological function should ulti-
mately include a fuller understanding of its genetic under-
pinnings (Kremen et al. 2016). Moreover, given the rapid
advances in gene discovery and other genetic studies, the
integration of neuropsychology and genetics has become
increasingly important (Kremen et al. 2016). For exam-
ple, there is not necessarily a one-to-one correspondence
between the phenotypic factor structure and the underlying
genetic/environmental structures (Kremen et al. 2009; Vasi-
lopoulos et al. 2012). Our work has shown that even within a
cognitive domain, different tests or factors can have unique
sets of genetic influences (Gustavson et al. 2018a; Paniz-
zon et al. 2014, 2015). Thus, in addition to identifying the
best-fitting model that accounts for individual differences in
phonemic and semantic fluency, it will be useful to quantify
the extent to which genetic and environmental influences
account for these sources of variance.

Despite the wide use of measures of verbal fluency, lit-
tle is known about the genetic and environmental architec-
ture of verbal fluency (Bratko 1996; Giubilei et al. 2008;
Lee et al. 2012; McGue and Christensen 2001; Swan and
Carmelli 2002). One study of 472 older Australian twins
(M =171 years) reported a heritability estimate of a>=0.63
for a combined measure of three phonemic fluency subtests
(Lee et al. 2012). In other words, about 63% of the variance
could be explained by genetic influences. These estimates
were similar in smaller studies of Italian and Croatian twins
(a2 =0.52-0.62; Bratko 1996; Giubilei et al. 2008). Moreo-
ver, the heritability of semantic fluency has been reported
as 0.54 and 0.37 in older adults, mean age 68 and 80 respec-
tively (Giubilei et al. 2008; McGue and Christensen 2001).
To our knowledge, only one study has quantified the shared
genetic and unique genetic/environmental variance between
phonemic and semantic fluency (Lee et al. 2018); the genetic
correlation was only r, =.28, indicating substantial non-
shared genetic influences between phonemic and semantic
fluency.

Thus, the second goal of the current study was to quantify
the extent to which genetic and environmental influences
account for the variance components identified in the first
step. To do so, the candidate models of fluency from Fig. 1
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Fig.1 Comparison of the models of verbal fluency. Model fit for
each model is displayed in Table 4 for both waves of assessment. Not
shown here, in all models we also decompose variation in all latent

were evaluated in the context of the multivariate twin model.
We hypothesized that there would be substantial heritability
on the fluency factors, consistent with the limited existing
research. We expected a multi-factor solution to emerge,
suggesting that there are multiple unique sources of genetic
influences underlying different types of fluency, as we have
shown for other cognitive abilities (Gustavson et al. 2018a;
Panizzon et al. 2015, 2014). This is especially true for the
bifactor models that most directly isolate unique sources of
variance (Models B, C, and D). Furthermore, consistent with
the existing estimates (e.g. Lee et al. 2018), we expected that
the remaining variance in each factor would be accounted
for by non-shared environmental influences rather than by
shared environmental influences.

Stability of fluency in midlife

The final goal of the current study was to examine the stabil-
ity of individual differences in verbal fluency across mid-
dle age and identify evidence for mean-level decline in the

variables (and residual variances for each subtest) into genetic and
environmental influences. Ellipses indicate latent variables and rec-
tangles indicate measured variables

fluency factors over the course of 6 years. Cognitive abilities
demonstrate considerable stability of individual differences
over the lifespan (Lyons et al. 2017, 2009), though they also
begin to decline in middle age (Harris and Deary 2011;
Ronnlund and Nilsson 2006). Recent work suggests that,
to the extent that verbal fluency captures executive function
processes, these abilities may already be declining by middle
age (Gustavson et al. 2018b).

After identifying the best fitting models at the two waves
of assessment, we combined them in a single longitudinal
analysis. We hypothesized that phenotypic, genetic, and
environmental influences would demonstrate substantial
correlations over time, though the genetic correlations
might be stronger than the environmental correlations as is
common for cognitive abilities. To the extent that the data
demonstrated factorial invariance over the 6-year window,
we also examined evidence for mean-level decline in the
latent fluency factors. We expected to observe mean-level
decline in performance across all fluency tasks, resulting in a
significant mean-level decline in the latent factors identified
in the first step. Thus, the multi-wave nature of the study will
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Table 1 Demographic characteristics of the sample

Demographic variable N M SD  Range

All subjects
Lifetime education 1483 13.80 2.11 5,30
Occupation 1477 5.47 1.87 0,9
Ethnicity (% white non-His- 1484 88.10 - -

panic)

Wave 1
Age 1290 51.08 2.44 51.08, 60.67
Depression symptoms 1283 8.40 822 0,52

Wave 2
Age 1207 61.72 2.45 56.00, 66.92
Depression symptoms 1195 7.41 8.11 0,53

Lifetime education was the number of years of school completed.
Occupation was based on the Hollingshead Four-Factor index (Hol-
lingshead 1975), from 0 (unemployed) to 9 (major professionals).
Depression symptoms were measured with the Center for Epidemio-
logic Studies—Depression Scale (Radloff 1977), with scores above
15 indicating risk for clinical depression

provide an internal replication of the best-fitting model of
fluency. Furthermore, to the extent that mean-level decline
differs between latent factors over 6 years, this would pro-
vide further evidence that these reflect unique and meaning-
ful sources of variance.

Method
Subjects

Data analyses were based on 1464 individual male twins
who participated in at least one wave of the longitudinal
Vietnam Era Twin Study of Aging (VETSA) project. At
wave 1 (N=1285), participants included 359 full MZ twin
pairs, 271 full DZ twin pairs, and 25 unpaired twins. At
wave 2 (N=1193), participants included 328 full MZ twin
pairs, 231 full DZ twin pairs, and 74 unpaired twins. Most
individuals participated at both sessions (N=1014).

All participants were recruited randomly from the Viet-
nam Era Twin Registry from a previous study (Tsuang et al.
2001). All individuals served in the United States military
at some time between 1965 and 1975, but are generally rep-
resentative of American men in their age group with respect
to health and lifestyle characteristics (see Table 1 for demo-
graphic characteristics), and nearly 80% did not serve in
combat or in Vietnam (Kremen et al. 2011, 2006; Schoen-
born and Heyman 2009). Data for wave 1 were collected
between 2003 and 2007, and data for wave 2 were collected
between 2008 and 2013. The only inclusion criteria for the
first wave were that twins must be between ages 51 and 59 at
the time of recruitment, and that both twins in a pair agreed
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to participate in the study. All twins were invited to complete
the second wave of testing regardless of the participation of
their co-twin.

Measures of verbal fluency

Subjects first performed the phonemic fluency subtests
(F, A, and S), followed by two semantic fluency subtests
(Animals and Boys’ Names). Finally, subjects performed a
category switching subtest from the Delis—Kaplan Execu-
tive Function System (D-KEFS; Delis et al. 2001) in which
they were instructed to alternate between naming fruits and
items of furniture. Dependent measures for each of the sub-
tests were the correct number of exemplars named within a
60-s response window. For category switching, we used the
same dependent measure, ignoring the number or accuracy
of switches between categories. This was done to be most
comparable to the other measures of semantic fluency and
so we could have three conditions for both phonemic and
semantic fluency to aid in model identification.

All measures were adjusted for age by creating residual-
ized scores after accounting for age at that wave of assess-
ment. This enables us to interpret the data at each wave as
representing a single age (e.g., age 56 for wave 1 and age 62
for wave 2), and allows for the examination of the change in
mean-level performance over 6 years.

Additionally, for the second wave only, we adjusted
scores to account for the fact that many of the subjects had
encountered the tasks before (Elman et al. 2018). Practice
effects for each subtest were computed according to the
method of Ronnlund et al. (Ronnlund and Nilsson 2006;
Ronnlund et al. 2005), and utilized data from individuals
who completed both waves of assessment (N=1014), indi-
viduals who did not return at the second wave (N=271), and
attrition-replacement subjects randomly selected from the
same twin registry who completed the test battery for the
first time at the second wave (N=179) and were the same
age as the wave 2 subjects (56—66). For each task, the prac-
tice effect calculation estimates a difference score (return-
ees minus attrition-replacements), and an attrition effect
(returnees minus all wave 1 subjects). The practice effect
is the difference score minus the attrition effect, and was
subtracted from scores for all returnees. Although practice
effects were nonsignificant for any given fluency subtest, it
is important to correct for small and nonsignificant practice
effects as ignoring these small differences will still mask the
true extent of decline.

Data analysis
Analyses were conducted using the structural equation

modeling package OpenMx in R (Boker et al. 2011), which
accounts for missing observations using a full-information
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maximum likelihood approach. Model fit was determined
using — 2 log-likelihood values (—2L.L), Bayesian informa-
tion criterion (BIC), the root mean square error of approxi-
mation (RMSEA), and the Tucker—Lewis Index (TLI). Good
fitting models had the lowest BIC values, RMSEA values
<0.06, and TLI values >0.95 (Hu and Bentler 1998; Markon
and Krueger 2004). Additionally, good fitting models did not
fit significantly worse than a full genetic Cholesky decom-
position by comparing the —2LL values using X2 differ-
ence tests (deiff). We also used X2 difference tests to com-
pare competing nested models. Significance of individual
parameters was established with y? difference tests and with
likelihood-based 95% confidence intervals (95% CI).

Genetically informed models were based on the standard
assumptions in twin designs. Additive genetic influences (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. Non-
additive/dominant genetic influences (D) are correlated
at 1.0 for MZ twins and 0.25 for DZ twins. Shared envi-
ronmental influences (C) are correlated at 1.0 in both MZ
and DZ twins. Non-shared environmental influences (E),
which, include measurement error, are set to not correlate
for both MZ and DZ twin pairs. The standard twin design
also assumes equal means and variances within pairs and
across zygosity. These assumptions for univariate analyses
apply to multivariate cases and to situations where pheno-
typic correlations between constructs are decomposed into
their genetic (r,) and environmental components (7).

The cross-twin cross-trait correlations for MZ and DZ
pairs displayed in Supplemental Table S1 indicated evi-
dence for non-additive genetic models (i.e., ADE models).
However, there is little power to distinguish between addi-
tive and non-additive genetic influences in the classic twin
study, even with large samples (Martin et al. 1978). Thus,
here we report models with only additive genetic and non-
shared environmental influences (AE models), which did
not fit significantly worse than the corresponding ADE mod-
els (see Supplementary Tables S2, S3 and Figs. S1-S3, all
ps>.186). Nevertheless, because there was some evidence
for non-additive genetic influences on all latent factors, the
genetics estimates presented here should be interpreted as
broad-sense heritability (i.e., additive + non-additive genetic
influences) rather than narrow-sense heritability (additive
influences only). We also tested ACE models with shared
environmental influences (see Tables S2, S3). These models
did not fit as well as AE or ADE models, and there was only
evidence for weak and nonsignificant residual shared envi-
ronmental influences on individual subtests (c>=0.01-0.03
on letter F and §). Shared environmental influences on latent
variables were always estimated at 0.00.

The candidate models of verbal fluency are displayed
in Fig. 1. First, we examined whether the phonemic and

semantic subtests load on distinct but correlated factors
(Fig. la). Utilizing a different approach, the remaining
“bifactor” models hypothesize a General Fluency latent fac-
tor that accounts for variation in all six subtests, reflecting
their common variance.! Depending on the model, other fac-
tors account for additional variation in phonemic or semantic
subtests that are not captured by the common factor (and
are uncorrelated with the common factor). Additionally,
we considered the possibility that the category switching
subtest might be different from the other semantic fluency
measures, although the dependent measure was based on the
number of words generated rather than switching accuracy.
Analyses indicated that modeling this subtest as separate but
correlated with the other fluency latent factors did not pro-
vide a more parsimonious fit to the data than the best-fitting
models identified below. Moreover, the pattern of results
described below was similar even if we remove category
switching entirely (see Supplemental Table S4 and Figs. S4,
S5). However, it is included here because it aids in model
identification.

Results
Descriptive statistics

Descriptive statistics for all fluency subtests are displayed
in Table 2. The phenotypic correlation matrix at both waves
of assessment is displayed in Table 3. As shown in Table 3,
there were moderate phenotypic correlations between all
fluency subtests within waves of assessment, rs =.25-.63
for wave 1; rs=.25-.65 for wave 2. Performance on a given
subtest at the first wave was also moderately correlated
with performance on that same subtest at the second wave
(rs=.46-.63), suggesting that individual differences on any
given subtest were relatively stable over this 6-year window.
Additionally, the correlations between semantic and pho-
nemic subtests (rs=.25-.44) were about as high as those
among the semantic fluency subtests (rs =.31-.45), suggest-
ing considerable common variance across all subtests.

Indicative of age-related decline, mean-level performance
decreased significantly over time (by about 0.25 SD for each
subtest) for all subtests; #s (1005) < —4.91, ps <.012; except
the Animals subtest; ¢ (1005)=—10.26, p=.796.

! The term “bifactor” does not actually refer to the number of fac-
tors in the model. Rather, it refers to the approach of fitting a com-
mon factor explaining variance in all the candidate indicators, and
fitting specific factors as needed to capture additional variation (e.g.,
Semantic-Specific) not already captured by the common factor, even
though in some cases there may be more than one additional factor.
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Table 2 Descriptive statistics

Task N M SD Range Skewness Kurtosis

Wave 1 (age 56)
Letter F 1277 12.28 4.09 1-29 0.29 -0.02
Letter A 1277 11.15 3.90 1-29 0.41 0.34
Letter S 1277 13.48 4.32 1-31 0.25 0.08
Animals 1275 19.20 4.43 6-39 0.26 0.26
Boys’ names 1276 19.09 4.48 640 0.34 0.58
Fruits/furniture 1277 12.75 2.55 4-22 —0.01 0.30

Wave 2 (age 62)
Letter F 1189 11.68 4.04 0.82-28.00 0.32 0.14
Letter A 1189 10.39 3.87 1.44-26.00 0.31 —0.06
Letter S 1189 12.70 4.31 0.00-28.83 0.24 —0.08
Animals 1189 19.11 4.51 5.08-35.08 0.17 0.11
Boys’ names 1189 18.32 4.50 4.31-37.31 0.23 0.47
Fruits/furniture 1188 12.30 2.58 2.71-21.71 0.02 0.38

In all analyses, these dependent measures were standardized residual scores after removing the effect of age
on each measure, but the unadjusted scores are presented here. However, the wave 2 scores reported here
reflect the adjustments for practice effects for individuals who participated at both waves of assessment

Table 3 Phenotypic correlations

1

between fluency subtests at both Measure ! 2
waves of assessment Wave 1
1. Letter F 1
2. Letter A 0.60 1
3. Letter S 0.63 0.61
4. Animals 033 0.31
5. Boys’ names 0.38 0.44
6. Fruits/furniture ~ 0.25 0.30
Wave 2
7. Letter F 0.61 0.55
8. Letter A 0.54 0.60
9. Letter S 0.58 0.55
10. Animals 0.32 031
11. Boys’ names 0.30 0.37
12. Fruits/furniture  0.25 0.25

035 1

044 042 1

028 034 031 1

058 029 037 023 1

0.58 030 038 024 062 1

0.63 028 042 026 0.63 0.65 1

032 052 035 033 034 035 035 1

039 038 058 027 037 044 041 045 1
024 030 029 046 025 027 028 038 034 1

All correlations are significant (p <.05)

Models of fluency at age 56 and 62

First, we fit factor models of the verbal fluency subtests
within each wave of assessment based on the a priori models
displayed in Fig. 1. The results are displayed in Table 4 for
wave 1 (top) and wave 2 (bottom). The best fitting models
are displayed in Fig. 2. In these models at both waves, a
General Fluency latent factor accounted for variation in all
six fluency subtests and a Semantic-Specific fluency factor
accounted for some additional variation in semantic fluency
subtests that was not already captured by the common factor
(Model C in Fig. 1).

As shown in Table 4, these models had better fit statis-
tics than the competing models displayed in Fig. 1, with
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one caveat. At wave 1, there was some evidence that Model
B (both phonemic-specific and semantic-specific variation)
fit better than Model C (only semantic-specific variation).
Model B had a worse (higher) BIC value but slightly bet-
ter RMSEA and TLI values compared to Model C, and
it fit significantly better than Model C, deiff(S) =11.88,
p=.036. Despite these conflicting fit indices, we chose to
reject Model B, in part because the wave 2 data also sup-
ported Model C for all fit statistics. Moreover, in the lon-
gitudinal model described in the following section, the
Phonemic-Specific factor in Model B at wave 1 could be
dropped from the model without any significant decrement
in fit, deiﬁ(S) =4.78, p=.443. Nevertheless, this alternate
model for wave 1 is displayed in the supplement (Model



Behavior Genetics

Table 4 Model comparisons for models of verbal fluency within each wave

—-2LL df BIC RMSEA  TLI vs. Saturated Cholesky
diff (LL)  df )4

Wave 1 (mean age 56)

Saturated Cholesky (AE) 19070.10 7611  —-31,406  0.020 0.992

A. Two correlated factors 1910490 7631 -31,504 0.025 0.988 34.80 20 0.021

B. Bifactor—semantic-specific and phonemic-specific 19086.37 7626  —31,489  0.020 0.992 16.27 15 0.364

C. Bifactor—common fluency and semantic-specific 19098.25 7630 —31,504  0.023 0.990 28.15 19 0.081

D. Bifactor—common fluency and phonemic-specific 19101.51 7630 —-31,501  0.024 0.989 31.41 19 0.036

E. Single factor 19229.82 7634  -31,399  0.052 0949  159.72 23 <.001
Wave 2 (mean age 62)

Saturated Cholesky (AE) 17602.42 7085 —29,385  0.000 1.000

A. Two correlated factors 17630.74 7105 —29,490  0.000 1.000 28.32 20 0.102

B. Bifactor—semantic-specific and phonemic-specific ~ 17619.20 7100 —29,468  0.000 1.000 16.78 15 0.332

C. Bifactor—common fluency and semantic-specific 17623.53 7104 —-29,490  0.000 1.000 21.11 19 0.331

D. Bifactor—common fluency and phonemic-specific 17635.00 7104 —-29,478  0.000 1.000 32.58 19 0.027

E. Single factor 17810.00 7108 —29,330  0.052 0.946  207.58 23 <.001

Model fit statistics for the models tested at wave 1 (mean age 56) and wave 2 (mean age 62), corresponding to the models displayed in Fig. 1.
The final three columns show the model comparison from the saturated Cholesky model of the genetic/environmental relations between the six
fluency subtests (at each wave). The best fitting models are displayed in bold

AE model with only genetic (A) and non-shared environmental influences (E), — 2LL negative two times the log likelihood, BIC Bayesian infor-

mation criterion, RMSEA root mean square error of approximation, 7L/ Tucker—Lewis Index
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Fig.2 Best fitting models of the fluency data at both waves of assess-
ment. AE factors represent the genetic (A) and non-shared environ-
ment influences on the latent fluency variables. Ellipses indicate
latent variables and rectangles indicate measured variables. Signifi-

HOOLOOO 06 06 06

cant factor loadings are displayed with black text and lines (p <.05).
Variation explained by latent factors can be computed by squaring the
factor loadings
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Fig.3 Longitudinal model of verbal fluency between wave 1 (mean
age 56) and wave 2 (mean age 62). AEs represent genetic (A) and
non-shared environmental (E) influences on the fluency latent vari-
ables. Ellipses represent latent variables and rectangles represent
measured variables. Curved arrows pointing from a latent variable
to itself represent variances of that latent variable. Significant fac-
tor loadings and correlations are displayed with black text and lines

B, Fig. S2). The supplement also displays the correlated-
factor model (Model A, Fig. S3) to compare these findings
with traditional conceptualizations of phonemic fluency and
semantic fluency as unique but correlated abilities.

Genetic and environmental results

As shown in Fig. 2, genetic influences accounted for 76%
of the variation in the General Fluency factor at the first
wave; heritability, or a2=0.76, 95% CI [0.69, 0.82]. Non-
shared environmental influences accounted for the remaining
24% of the variation, e>=0.24, 95% CI[0.18, 0.31]. Similar
results were observed for the Semantic-Specific factor, in
which 64% of the variance could be explained by genetic
influences, a>=0.64, 95% CI [0.43, 0.84]. The remaining
36% was explained by non-shared environmental influences,
e?=0.36, 95% CI [0.16, 0.57].

At wave 2, the results for the General Fluency factor were
nearly identical to wave 1. Genetic influences accounted
for 76% of the variation, a>=0.76, 95% CI [0.69, 0.82],
and non-shared environmental influences accounted for
the remaining 24%, e2=0.24, 95% CI [0.18, 0.31]. The
Semantic-Specific factor continued to be explained mostly
by genetic influences, though the estimate was slightly
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(p<.05). Latent variable means are not shown but fixed at 0 for Gen-
eral Fluency and Semantic-Specific at wave 1 and estimated at —0.22
and —0.01 (respectively) at wave 2. AE latent variables and all factor
loadings are standardized at both waves. Residual AE paths on indi-
vidual subtest are not displayed, but are similar to those cross-sec-
tional association presented in Fig. 2 (see Supplement Table S5)

lower than at the first wave, a2=0.57, 95% CI [0.38, 0.74].
Non-shared environmental influences explained the remain-
ing 43% of the variance, e2=0.43, 95% CI [0.26, 0.62]. At
both waves, residual non-shared environmental influences
were significant on all subtests (residual e>=0.31-0.62),
and residual genetic influences were significant for Animals
(wave 1 only), Boys’ Names, and Fruits/Furniture subtests
(residual a>=0.11-0.18).

Longitudinal model of fluency between mean age
56 and 62

Next, we combined the bifactor models of fluency at waves
1 and 2 into a single longitudinal model. This model is dis-
played in Fig. 3 and fit well, — 2LL =35315.06, df = 14,735,
BIC=-62,407, RMSEA =0.021, TLI=0.986. In this
model, genetic and environmental correlations between
latent factors were not estimated directly, but computed
from the statistically equivalent Cholesky decomposition. It
was also necessary to include Cholesky paths from residual
genetic/environmental factors between waves 1 and 2 for
the same task (e.g., letter F at wave 1 to letter F at wave 2)
to account for additional correlations within each subtest
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over time (see Supplement Table S5 for residual genetic and
environmental influences and correlations between them).

The model displayed in Fig. 3 displays strict invariance.
That is, the factor loadings, intercepts, and residual vari-
ances for each subtest were equated over time. This model
fit significantly worse than the model with configural invari-
ance (i.e., factor loadings, intercepts, and residual variances
freed across time), X2diff(18) =34.28, p=.012, but this was
likely due to the large sample size and high power to detect
small deviations in observed versus predicted correlations
and means, rather than poor model fit (for a similar exam-
ple, see Gustavson et al. 2018b). For example, this strict
invariance model had the lowest BIC value compared to the
models with configural invariance, weak factorial invari-
ance, or strong invariance, suggesting it was the best at bal-
ancing parsimony and fit. Individual differences results and
RMSEA values were nearly identical across these models.

As shown in Fig. 3, individual differences in the General
Fluency and Semantic-Specific factors were highly stable
over time (estimated phenotypic »=.90 and .81, respec-
tively). For the General Fluency factor, the genetic correla-
tion was r,=.94, 95% CI [0.90, 0.97], suggesting that the
genetic influences were nearly identical between age 56 and
62. Non-shared environmental influences were also strongly
correlated, r,=.78, 95% CI [0.65, 0.90], but that new non-
shared environmental influences also explain variance in the
General Fluency factor at age 62.

For the Semantic-Specific factor, genetic influences were
perfectly correlated over time, even though genetic influ-
ences explained a slightly smaller portion of the total vari-
ance in Semantic-Specific at the second wave, re= 1.0, 95%
CI [0.88, 1.0]. Non-shared environmental influences were
only moderately correlated over time, r,=.51, 95% CI [0.21,
0.78].

This longitudinal model also provides some informa-
tion about cognitive decline over time. As we expected,
performance in the General Fluency factor declined by
0.22 SD (based on the mean and SD at wave 1), d=—0.22,
95% CI [—0.27, — 0.17]. However, there was no change in
mean-level performance for the Semantic-Specific factor,
d=-0.01,95% CI[-0.11, 0.09]. There was no evidence
for change in variance of the latent variables at the second
wave, 1.00, 95% CI [0.92, 1.10] for General Fluency, 1.15,
95% CI1[0.94, 1.41] for Semantic-Specific.

Discussion

In a large longitudinal twin study, we examined verbal flu-
ency at two times in middle age. Results suggested that it
was best to view fluency as explained by two latent con-
structs. A General Fluency factor accounted for varia-
tion across all six subtests and a Semantic-Specific factor

accounted for additional variance in semantic fluency sub-
tests not captured by General Fluency. Genetic influences
accounted for the majority of the variation in both latent
factors, and these genetic influences were highly correlated
across the 6-year interval. In contrast, non-shared environ-
mental influences explained about one-quarter to one-third
of the variance in both factors, and demonstrated moderate
correlations over time. Mean-level performance declined
over time only for the General Fluency factor. These results
provide a new framework for viewing semantic fluency as
a combination of general and semantic-specific variance,
both of which have unique genetic underpinnings and may
be declining at different rates.

Implications for verbal fluency

The first goal of the study was to examine the best-fitting
model of individual differences in phonemic and seman-
tic fluency. The bifactor model displayed in Fig. 2 had the
most parsimonious fit to the data. A strength of this bifac-
tor approach is that we could isolate this common variance
from additional variance unique to semantic fluency and
estimate the genetic/environmental influences on both fac-
tors. Because the common factor accounts for variation in
all six individual fluency measures, this factor most likely
represents general fluency abilities associated with vocab-
ulary and the updating and inhibition executive functions
(Shao et al. 2014; Whiteside et al. 2016). Given that there
was no Phonemic-Specific factor, this common factor also
taps phonemic processing abilities that may aid in perfor-
mance in semantic subtests as well (e.g., generating boys’
names or animals that start with the same letter or rhyme).
The Semantic-Specific factor may be associated with similar
cognitive processes as the common factor, but this variance
may also reflect other related processes such as episodic
memory or lexical access speed (Shao et al. 2014; van den
Berg et al. 2017).

Although Model C had the best fit, the other candidate
models displayed in Fig. 1 also fit well. The two-correlated
factor model of Phonemic Fluency and Semantic Fluency
(Model A) had acceptable fit, but was not as parsimonious as
the bifactor models. This may have been observed because
semantic subtests had somewhat different factor loadings on
the General Fluency and Semantic-Specific factors identified
in Fig. 2 (i.e., Boys’ Names was better explained by General
Fluency and Animals by Semantic-Specific). One potential
explanation may be related to findings that the Boys’ Names
subtest is more strongly related to Parkinson’s disease than
the Animals subtest (Fine et al. 2011), suggesting differ-
ences in reliance on lexical strategies or sub-processes even
within semantic fluency (e.g., strategic search versus seman-
tic organization, phonological versus semantic clustering).
Indeed, adding an additional factor loading to Model A from
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Phonemic Fluency to Boys’ Names improves model fit (wave
1: factor loading=0.22, deiﬁ=9.53, p=.002; wave 2: fac-
tor loading=0.19, deiﬁ=9.73, p=.002) but this was not
predicted a priori and still did not result in a better fit than
Model C. Moreover, the bifactor model provides a clearer
isolation of common and specific variance across fluency
subtests that may be of greater use in further examination of
normal and impaired functioning than the traditional view of
phonemic and semantic fluency as correlated factors.

A remaining question also concerns whether there is evi-
dence for phonemic-specific variance. In the current study,
there was some evidence for a Phonemic-Specific factor
in the first wave alone, but not all model fit indices agreed
that this factor was necessary. Moreover, when we tried to
include this factor in the longitudinal model (Fig. 3) it could
be dropped without a significant decrement in fit. If there
is phonemic-specific variance, it is unclear why it would
disappear by the second wave, especially considering the
stability of individual differences across this 6-year interval.
Furthermore, this result is consistent with previous theoreti-
cal proposals that phonemic fluency relies more strongly on
strategic retrieval processes in the frontal lobe (consistent
with larger factor loadings on the General Fluency factor)
rather than unique processes that are completely unrelated
to semantic fluency (Moscovitch 1994). Nevertheless, these
findings will need to be replicated before making strong con-
clusions about the lack of a Phonemic-Specific factor.

Interestingly, although these and similar measures of
verbal fluency have been widely used, there has been rela-
tively little work examining their underlying genetic and
environmental influences (Antila et al. 2007; Bratko 1996;
Lee et al. 2012, 2018; Swan and Carmelli 2002), especially
using latent variable models. Our results suggest that genetic
influences accounted for most of the variation in both flu-
ency factors, as has been found for other cognitive abilities
measured in middle age (Gustavson et al. 2018b; Panizzon
et al. 2015). These genetic influences likely represent the
contribution of hundreds or thousands of individual genetic
effects. Continuing to examine these associations at the
level of latent variables will be especially useful in future
research, not only because these models can isolate variance
in general fluency variation from semantic-specific variation,
but also because this method isolates genetic/environmental
variance in the latent constructs from subtest-specific influ-
ences. Thus, heritability estimates tend to be larger at the
level of latent factors than for univariate measures (Antila
et al. 2007; Bratko 1996; Lee et al. 2012; Swan and Carmelli
2002).

The remaining variation in both latent fluency constructs
was captured by non-shared environmental influences, and
not at all by shared environmental influences. The lack of
any shared environmental influences is not surprising given
the relatively weak contribution of shared environmental
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influences to many cognitive abilities (Friedman et al. 2008;
Kremen et al. 2011; Lee et al. 2012; Panizzon et al. 2015).
Although these environmental influences were examined at
the latent construct level, and should therefore be free from
measurement error, all subtests came from the same test
(D-KEFS) so it is possible that these environmental influ-
ences reflect some test-specific variance or situation-specific
variance from the testing environment.

In fact, the results were more consistent with ADE mod-
els (including non-additive genetic influences) rather than an
ACE models (with shared environmental influences). Sup-
plemental analyses (Table S2, Figs. S1-S3) indicated that
non-additive genetic influences accounted for the majority
of the heritability of both fluency latent factors. However,
even with this large sample we had little power to detect
significant differences between additive and non-additive
genetic influences (Martin et al. 1978). Although it may be
important to consider this distinction between additive and
non-additive genetic influences in future work, collapsing
additive and non-additive genetic influences here had no
impact on the non-shared environmental estimates.

Implications for cognitive aging

These results are also relevant to age-related decline in cog-
nition. There is a steady decline in cognitive performance
beginning as early as middle age (Kremen et al. 2014), and
verbal fluency is especially relevant given its associations
with heritable neuropsychological disorders (Henry and
Crawford 2004a, b, 2005a, b; Henry et al. 2004). Of par-
ticular importance, the distinction between General Fluency
and Semantic-Specific factors is consistent with findings that
semantic fluency is more strongly impaired in Alzheimer’s
disease than phonemic fluency. The Semantic-Specific factor
identified here, and its genetic underpinnings, may therefore
be useful in future gene-finding efforts regarding Alzhei-
mer’s disease and related dementias.

We also expected some decline in performance over this
6-year window in middle age. Consistent with this hypoth-
esis, mean-level performance in the General Fluency factor
declined on average by about 0.22 SD (compared to wave 1),
suggesting some small to moderate decline in fluency across
the sample after accounting for the effects of repeated expo-
sure. In contrast, mean-level performance did not decline for
the Semantic-Specific factor. Together, these results suggest
that general abilities supporting verbal fluency are declining
as early as age 56, and perhaps earlier, but that the additional
abilities supporting semantic fluency are not as susceptible
to age-related decline until at least the mid-60s, providing
further evidence that these abilities are unique and differen-
tially related to cognitive aging.

It will be useful to examine how stability and change in
the fluency factors identified here are associated with the
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decline in other cognitive abilities in this same age range.
Research using this sample suggests that individual differ-
ences in episodic memory show similar 6-year genetic/envi-
ronmental correlations (Panizzon et al. 2015), but that execu-
tive function ability demonstrates both a stronger cross-time
correlation (r=.97) and a sharper decline in mean-level
performance (d=—0.60; Gustavson et al. 2018b). Verbal
fluency has been characterized as an executive function
ability, and is positively correlated with the updating and
inhibition executive functions (Shao et al. 2014). However,
recent work has suggested that both phonemic and semantic
fluency may be better indicators of vocabulary and language
processing than executive function ability (Whiteside et al.
2016). Future work should examine how this model of verbal
fluency fits in with existing models of executive function that
also emphasize shared versus unique variance (Friedman
et al. 2008; Gustavson et al. 2018a, b; Miyake and Friedman
2012), especially in the context of cognitive aging, as these
unique variance components may have differential rates of
decline and predictive ability.

Limitations

First, this sample comprises only men, so these findings may
not generalize across sex. Second, although the sample is
representative of American men of their age, we were not
able to examine whether findings generalized across ethnic-
ity. Third, these results may not generalize to clinical popu-
lations (Delis et al. 2003). Nevertheless, this unscreened
twin sample is not free from individuals with psychiatric or
other diagnoses, suggesting that the heritability estimates
should be unbiased. Fourth, we assessed verbal fluency with
both phonemic and semantic measures, but it would be use-
ful to examine the extent to which nonverbal fluency tasks
(Baldo et al. 2001) draw on the General Fluency factor but
may also have unique variance components. This would also
help determine the extent to which there is truly a General
Fluency factor or whether there are general verbal and non-
verbal fluency factors.

Fifth, it would have been best to include a third semantic
fluency subtest in place of the Fruits/Furniture subtest that
also involved some additional switching demands. However,
as described above, the exclusion of this subtest did not
affect the pattern of results. Finally, in all bifactor models,
the confidence intervals were wider on “specific” factors
compared to the General Fluency factor. We have observed
this phenomenon with similar bifactor models of executive
function (Gustavson et al. 2018a, b). Thus, although bifactor
models are useful in isolating unique variance specific to
sematic fluency, and provided a better fit than the traditional
correlated-factors model in the current study (Model A), it
is still difficult to estimate semantic-specific fluency with
great precision. Despite these limitations, we used a large

longitudinal twin study to elucidate the multivariate nature
and complex genetic/environmental architecture of these dif-
ferent types of verbal fluency at key timepoints when verbal
fluency is beginning to exhibit age-related decline.

Summary and conclusions

Although measures of verbal fluency are widely used in
studies of cognition and aging, little is known about the dif-
ferential processes underlying phonemic versus semantic flu-
ency and their genetic/environmental etiology. The results
here suggest that variance in phonemic and semantic fluency
are explained by general fluency abilities and semantic-spe-
cific abilities (but not phonemic-specific abilities), and that
over half of their variation can be accounted for by genetic
influences. Both abilities demonstrate high correlations over
time, at least across a 6-year interval in middle age, and
only the general factor appears to decline between the late
fifties to early sixties. Given the relevance of verbal fluency
to mental and physical health, it will be useful to examine
how the fluency factors identified here account for variance
in other heritable neuropsychiatric conditions, and how they
continue to change over the course of aging.
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