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Abstract

The relationship of verbal fluency to executive functions (EFs) remains somewhat unclear. Verbal
fluency is sometimes considered an EF ability, but is not often included in the same models as
other well-studied EFs (inhibition, shifting, and working memory updating). We examined the
associations between verbal fluency and EFs at two ages with the unity/diversity model, which
includes common and domain-specific EF factors. Participants were 813 adolescent twins from the
Colorado Longitudinal Twin Sample (mean age 17 years) and 1290 middle-aged twins from the
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Vietnam Era Twin Study of Aging (mean age 56 years) who completed multiple measures of EFs,
verbal fluency, vocabulary, and nonverbal cognitive ability. Results revealed that, in both samples,
a General Fluency factor (i.e., comprising both phonemic and semantic fluency measures) was
associated with the Common EF factor, but also with variance unique to working memory
updating, working memory span, and set-shifting. In adolescents, semantic fluency also had
unique associations with shifting beyond its shared variance with phonemic fluency and Common
EF. After accounting for EFs and other cognitive abilities, there were unique genetic and
environmental influences on the General Fluency and Semantic-Specific latent factors. These
results suggest that verbal fluency ability may best be viewed as an amalgamation of general EF
variance (i.e., Common EF ability), variance shared with other EFs (e.g., Updating-Specific
ability), and multiple sources of unique genetic/environmental variance (i.e., General Fluency and
Semantic-Specific abilities). These associations between verbal fluency and EFs generalize to
populations that differ in age by approximately 40 years.
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Introduction

Verbal fluency is often described as an executive function (EF) alongside prepotentresponse
inhibition (inhibition), task-set shifting (shifting), and working memory (WM) updating
(Delis, Kaplan, & Kramer, 2001; Diamond, 2013; Henry & Crawford, 2004; Phillips, Bull,
Adams, & Fraser, 2002). However, its relations to other well-studied EFs has received little
attention (Shao, Janse, Visser, & Meyer, 2014; Unsworth, Spillers, & Brewer, 2011;
Whiteside et al., 2016), especially regarding the general EF processes accounting for
performance across multiple situations (Miyake & Friedman, 2012). The goal of the current
study is to quantify how individual differences in verbal fluency are associated with other
EFs using two large genetically informative twin samples. Specifically, we ask whether
fluency might be considered a separable EF or a composite of other well-studiedEFs. We
answer this question in part by examining evidence for distinct genetic influences on fluency
beyond those for EFs.

Unity and Diversity of Executive Functions

In general, correlations among EF tasks are low to moderate (e.g., Miyake et al., 2000). EF
processes must be assessed within a specific task context (e.g., naming the ink of a color
word in the Stroop task) which necessarily includes variance attributable to non-EF
processes (e.g., color processing, articulation speed), even when adequately controlling for
baseline conditions (Miyake & Friedman, 2012). This problem of task /impurity has made it
difficult for researchers to elucidate the commonality and separability of various EF
processes. However, latent variables models have advanced our understanding of EFs
substantially by allowing researchers to isolate the general variance underlying performance
across all three EF domains (called “Common EF”) from domain-specific EF variance (e.g.,
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“Updating-Specific” or “Shifting-Specific” abilities) and task-specific variance (Friedman &
Miyake, 2017; Friedman et al., 2016; Friedman et al., 2008; Miyake & Friedman, 2012).

Common EF represents the ability to activate, maintain, and implement goal-directed
thoughts and actions, as these general goal-management processes are needed across
multiple situations (Friedman & Miyake, 2017). In contrast, Updating-Specific ability is
thought to reflect the gating of information in WM, controlled by the basal ganglia (e.qg.,
Frank, Loughry, & O’Reilly, 2001), and may also involve retrieval from episodic memory.
The Shifting-Specific factor is thought to reflect the ability to flexibly replace goals that are
no longer necessary (Friedman & Miyake, 2017; Miyake & Friedman, 2012). Moreover,
Shifting-Specific ability has been found to be negatively associated with concurrent
intelligence (Friedman et al., 2008) and earlier self-restraint (Friedman, Miyake, Robinson,
& Hewitt, 2011), suggesting a potential stability-flexibility tradeoff (Friedman & Miyake,
2017; Goschke, 2000; Herd et al., 2014). As yet, there is no evidence for Inhibition-Specific
variance, suggesting that individual differences in response inhibition are entirely captured
by Common EF (Friedman et al., 2016; Gustavson, Panizzon, Franz, et al., 2018; Ito et al.,
2015), and that not all EFs have unique variance components.

Latent variable studies using this unity/diversity framework have also utilized twin samples.
Twin studies can be used to identify the extent to which individual differences (i.e., variance)
and correlations among traits (i.e., covariance) are explained by genetic versus
environmental influences. For example, prior studies suggest that there are both common
genetic influences that unite different EFs, as well as genetic influences that are unique to
particular EFs (Engelhardt, Briley, Mann, Harden, & Tucker-Drob, 2015; Friedman et al.,
2016; Friedman et al., 2008; Gustavson, Panizzon, Franz, et al., 2018). The Common EF
factor shows strong phenotypic and genetic stability (phenotypic correlations /5=.86-.97,
genetic correlations, or 74=1.0) from adolescence to early adulthood (Friedman et al., 2016)
and across middle age (Gustavson, Panizzon, Elman, Franz, et al., 2018). Strong phenotypic
and genetic stability were observed for the domain-specific EF factors in both studies. With
respect to verbal fluency, a pertinent question is whether fluency is distinguished from other
EFs by unique genetic and/or environmental influences.

Overlap Between EFs and Verbal Fluency

Verbal fluency — the ability to rapidly generate exemplars from a cued category such as
“types of animals” — is often included as an EF in reviews and meta-analyses (e.g., Alvarez
& Emory, 2006; Snyder, 2013). However, it remains unclear how it fits in with other well-
studied EFs, as research on EF has been dominated by inhibition, shifting, and WM updating
(Miyake & Friedman, 2012). The inclusion of verbal fluency in the domain of EF may stem
partly from its obvious face validity: Controlled retrieval of words involves establishing a
task set, strategic search, and avoidance of repetition (Fisk & Sharp, 2004; Shao et al.,
2014), processes that appear similar to those involved in other EFs (Diamond, 2013; Miyake
& Friedman, 2012). Its inclusion as an EF ability may also be related to historical studies of
fluency impairments in frontal-lobe patients (Henry & Crawford, 2004), similar to other
neuropsychological measures of EFs (Alvarez & Emory, 2006), suggesting the two draw on
at least some similar neural substrates.
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Some empirical work supports verbal fluency’s overlap with tasks from other well-studied
EFs. One recent study that found that a fluency latent variable correlated with inhibition,
shifting, and WM updating latent variables (Hedden & Yoon, 2006; see also Shao et al.,
2014; Whiteside et al., 2016). A similar study showed that a latent factor comprising
phonemic and semantic tasks was positively associated with inhibition, WM capacity,
vocabulary, and processing speed, although only WM capacity and vocabulary remained
significant in the multiple regression model (Unsworth et al., 2011).

This work provides some validation of the overlap between fluency and EFs. However, given
the substantial correlations among EF factors, it remains unclear whether the associations
between verbal fluency and other EFs are explained by Common EF variance, or if
performance on verbal fluency tasks also rely on Updating-Specific or Shifting-Specific
abilities. In fluency tasks, Common EF ability is likely involved in maintaining the goal
representation, adhering to rules, using the prompt to guide lexical search, and avoiding
interference from associated words. However, some of these processes may rely on
Updating-Specific ability, such as employing controlled retrieval from long-term memory
(Miyake & Friedman, 2012). Similarly, because performing well on fluency tasks may
involve strategic switching between sub-categories (Troyer & Moscovitch, 2006), it is
possible that Shifting-Specific ability contributes to fluency performance as well. To the
extent that Updating- or Shifting-Specific abilities are utilized in fluency tasks, then fluency
is not comparable to WM updating or shifting (e.g., relying on only Common EF and
Fluency-Specific abilities), but would rather reflect a combination of other general and
specific EF processes.

Another factor that complicates understanding of fluency’s position as an EF is that fluency
is itself multifaceted. Measures of phonemic fluency (e.g., naming words that begin with £)
and semantic fluency (e.g., naming types of animals) correlate with one another and with
vocabulary (Whiteside et al., 2016), but there is mounting meta-analytic evidence that
phonemic and semantic fluency are differentially associated with neurodegenerative and
psychiatric conditions such as Alzheimer’s disease (Henry & Crawford, 2004, 2005, 2005;
Henry, Crawford, & Phillips, 2004), and may rely on somewhat distinct brain regions (Henry
& Crawford, 2004).

Our recent work using one of the samples described here (the Vietnam Era Twin Study of
Aging; VETSA) supported a two-factor model of fluency similar to that of the unity/
diversity model of EFs (Gustavson, Panizzon, Elman, Beck, et al., 2018). In that analysis,
variance in phonemic and semantic fluency subtests were best modeled with two orthogonal
latent factors: a General Fluency factor accounted for variance in all six subtests, and a
Semantic-Specific factor accounted for variance in semantic fluency beyond that variance
captured by the general factor. All the covariance among phonemic fluency tasks were
captured by the general factor. This model was supported at two time-points (mean age 56
and 62), with considerable stability in individual differences across these ages. Similar to
other EFs, there were considerable genetic influences on both factors, suggesting that even
within the domain of verbal fluency, there appear to be both common and unique sources of
genetic variance.
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Integrating verbal fluency with the unity/diversity model of EFs may therefore elucidate the
nature of verbal fluency as an EF process, further refine theoretical models of verbal fluency,
and better illuminate its differential association with neurodegenerative and psychiatric
disorders. Furthermore, there is not necessarily a one-to-one correspondence between the
phenotypic and underlying genetic/environmental factor structures of cognitive abilities
(Kremen et al., 2009; Vasilopoulos et al., 2012), so examining these questions in the context
of a twin study provides additional information about their structure and covariance.

Hypotheses of the Current Study

We expected to observe one of three potential scenarios when examining the association

between verbal fluency and EFs. These scenarios are displayed in Figure 1 (panels A-C);
Figure 1D displays a simplified version of the Cholesky decomposition used to evaluate

these scenarios in the genetic analyses.

In the first scenario, verbal fluency is viewed as a separable EF factor, akin to WM updating
or shifting. We expected that much of the variance in the General Fluency factor would be
associated with the Common EF factor (path a in Figure 1D), but there would also be unique
genetic and/or environmental variance (path ¢) and no association with domain-specific EF
factors (path b). In the second scenario, fluency ability is viewed as a combination of
variance in other EF processes. If so, we expected that the General Fluency factor would be
associated with the Common EF factor (path a) as well as with domain-specific EF factors
(path b) including Updating-Specific or Shifting-Specific factors (in adolescents) and a WM-
Specific factor (in middle-aged adults).1 Furthermore, after controlling for EFs, we expected
little to no unique genetic variance in the General Fluency factor (path c). The third scenario
was a combination of the first two. This pattern would suggest that verbal fluency requires
both general (path a) and specific EF abilities (path b), as well as other processes (path c).

In all scenarios, we expected no correlation between the Semantic-Specific factor and the
Common EF factor because the General Fluency factor should already capture common
variance among fluency tasks, including variance due to general EF abilities. Moreover, to
the extent that unique variance in either fluency factor represents a unique EF process, we
expect them to be explained primarily by genetic influences rather than environmental
influences, as we have observed for the other domain-specific EF factors at both ages.

The current study examined these associations in two twin samples of adolescents (mean age
17 years) and middle-aged adults (mean age 56). Examining these hypotheses at both ages is
useful for replicating the basic results, but also informs the generalizability of these findings.
We have shown that the unity/diversity model of EFs is supported at both ages despite the
use of rapidly-paced computerized tasks in adolescents and neuropsychological measures in
middle-aged adults (Friedman et al., 2008; Gustavson, Panizzon, Franz, et al., 2018). If
similar patterns are observed for fluency, including their associations with EFs, it will

lAlthough both Updating-Specific (adolescents) and WM-Specific (middle-aged adults) factors refer to unique variance in WM
processes not captured by Common EF, these factors are distinguished because the WM tasks in adolescents had more complex WM
updating demands than the WM span tasks administered in middle-aged adults. However, WM updating and WM span are quite
similar (Schmiedek, Hildebrandt, Lévdén, Wilhelm, & Lindenberger, 2009), even at the genetic level (Friedman & Hewitt, 2013).
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provide further evidence that there is a similar structure of EFs at key times in the lifespan
when mean-level performance is changing. Examining these associations at the level of
latent variables also provides a better estimate of the true heritability and genetic covariance
among traits, as measurement error is included in the estimates of nonshared environmental
influences on individual tasks.

Sample characteristics for both samples are displayed in Table 1. All studies were approved
by the institutional review board at participating institutions.

Sample 1: Adolescents

Measures.

Participants.—Analyses were based on 813 individuals (420 females, 393 males) from
same-sex twin pairs (216 full monozygotic [MZ] twin pairs, 185 full dizygotic [DZ] twin
pairs, and 9 unpaired twins) in the Colorado Longitudinal Twin Sample (CLTS). Participants
completed the measures of verbal fluency between ages 16 and 17 (V= 811, M= 16.58
years). Measures of EF were completed approximately one year later (M= 17.25 years).
Most twins completed both waves of assessment (A = 786). The CLTS sample was recruited
through the Colorado Department of Health based on twins born between 1984 and 1990
and is representative of the population of Colorado at that time. Participants identified as
white (80.9%), Hawaiian or Pacific islander (0.2%), American Indian or Alaskan (1.1%),
more than one race (4.7%), or unknown or unreported race (13.2%). Hispanic individuals
comprised 9.5% of the sample. For more information on the sample characteristics, see
Rhea, Gross, Haberstick, and Corley (2013).

Verbal Fluency. —Verbal fluency was measured using two phonemic and two semantic
fluency tasks. In the phonemic fluency tasks (S-Pand G-T), participants had three minutes
per trial to write as many words as possible beginning with one letter and ending with
another (e.g., beginning with Sand ending with A). In the semantic fluency tasks,
participants had three minutes per trial to list as many names of “things that are often round”
and “things that are often metal.” These measures were performed as a part of a larger
“Specific Cognitive Abilities” battery developed for the Colorado Adoption Project (Defries,
Plomin, Vandenberg, & Kuse, 1981) based on the battery employed in the earlier Hawaii
Family Study of Cognition (DeFries et al., 1974). Semantic fluency tasks were completed
together, and phonemic tasks were completed together later in the battery (separated by card
rotation and mathematic operations tasks).

Executive function.—Details and scoring procedures for the nine computerized EF tasks
have been described in previous work (Friedman et al., 2008) but are summarized here. All
accuracy data were arcsine transformed to improve normality. Reaction time (RT) data were
analyzed excluding errors (and trials after errors for switching tasks only), and after applying
a within-subject trimming procedure (Wilcox & Keselman, 2003).2 To reduce the influence
of between-subject extreme scores, we replaced task scores farther than three standard
deviations from the group mean with values three standard deviations from the mean (<2.1%
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of all observations). Scores for the RT measures (i.e., stop signal, Stroop, all switch costs)
were multiplied by -1 in all analyses so higher numbers always reflected better performance.

The three inhibition tasks required participants to stop a dominant or prepotent response. In
the antisaccade task (Roberts, Hager, & Heron, 1994), participants saw cues (black squares)
quickly flash on the left or right side of the screen. They had to avoid the reflexive tendency
to saccade to these cues and instead immediately look to the opposite side of the screen to
identify a digit that appeared briefly before being masked. The dependent measure was the
total accuracy across 90 target trials.3 In the stop-signal task (Logan, 1994), participants saw
a green arrow and were instructed to quickly indicate its direction (using the left or right
keys), but withhold responses on the 25% of trials where the color of the arrow changed to
red. The dependent measure was the stop-signal RT, an estimate of the subjects’ stopping
process based on how the program adapted to their responses over the course of three blocks
of 96 trials each. In the Stroop task (Stroop, 1935), the dependent measure was the RT
interference, subtracting RTs across 60 incongruent trials (e.g., RED, printed in blue) from
RTs on 60 baseline trials with colored strings of asterisks.

The three shifting tasks required participants to switch between categorization dimensions
according to a cued stimulus. The dependent measures were local switch costs: the average
RT during trials that required a switch between categorization rules minus the average RT
during trials where the same rule was repeated (across two blocks of 48 trials each). In the
number-letter task (Rogers & Monsell, 1995), subjects judged whether number-letter pairs
contained a vowel or consonant or contained an odd or even number, based on where the
stimulus appeared in a quadrant of a square on the screen (top or bottom). In the color-shape
task (Miyake, Emerson, Padilla, & Ahn, 2004), subjects judged whether colored shapes were
either green or red or were a circle or triangle, based on a cue that appeared 150 ms before
the word appeared (a Cor an S) and remained on screen until the response. In the category-
switch task (Mayr & Kliegl, 2000), subjects judged whether words described something
living or non-living or something bigger or smaller than a soccer ball, based on a similar cue
(a heart or a cross).

The three WM updating tasks required participants to monitor and continuously manipulate
the contents of WM. In the keep-track task (Yntema, 1963), participants saw a list of 15
words drawn from multiple categories (e.g., animals, metals) presented one at a time on the
screen. They were instructed to remember only the most recent word presented from each of
two to five specified categories (displayed on the bottom of the screen). The dependent
measure was the proportion of total words recalled across all 12 trials (four trials each of
two, three, and four categories). In the letter memory task (Morris & Jones, 1990),
participants saw a list of letters presented one at a time. After each letter, participants said
aloud the three most recent letters that appeared (a rehearsal score). The dependent measure

2EF tasks elicit individual differences in both accuracy and RTs, and we include a mix of both in the task battery depending on what is
most commonly done in previous studies. When RT is examined, there is a control condition that adjusts for the speed of performance
(e.g., color-naming on the Stoop, single-task blocks for switching tasks) as there are ample individual difference in baseline processing
speed. This is not typically done for accuracy tasks for which the control conditions (e.g., prosaccade) would be at ceiling.

There was no baseline (prosaccade) condition in this task, so we used accuracy measures instead of unadjusted RTs. This dependent
measure is identical to that used in previous work validating this model (Friedman et al., 2008; Miyake et al., 2000).
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was the proportion of sets correctly rehearsed across 10 trials (four trials of length five
letters, three trials of length seven and nine letters). Points were given for rehearsing only the
correct letters in the correct serial order. In the spatial 2-back task (Friedman et al., 2008),
participants saw an array of ten boxes scattered across the screen light up one at a time and
pressed a button if the current box was the same as the one lit two trials before. The
dependent measure was the total accuracy across four blocks of 24 trials.

Vocabulary.—Vocabulary was assessed in the same cognitive battery as verbal fluency
(Defries et al., 1981). In the first subtest, participants had 3 minutes to answer up to 50
multiple-choice items consisting of stimulus words and four possible synonyms. In the
second subtest, participants had 4 minutes to answer up to 25 more difficult items, this time
with five response options. Dependent measures were the number of correct responses,
adjusted for guessing. These two indicators of vocabulary were used to create a Vocabulary
latent variable in all analyses.

Nonverbal cognitive ability.—Nonverbal cognitive ability was measured using the
performance 1Q score of the Wechsler Adult Intelligence Scale, third edition (WAIS;
Wechsler, 1997). This score was based on perceptual organization and processing speed
subtests including block design, matrix reasoning, picture completion, digit symbol-coding,
and symbol search.

Sample 2: Middle-Aged Adults

Measures.

Participants.—Analyses were based on 1290 male twins (363 full MZ pairs, 271 full DZ
pairs, and 22 unpaired twins) in the VETSA who completed the wave 1 assessments (M =
55.90 years, SD = 2.44). VETSA participants were recruited from the Vietnam Era Twin
Registry, and were randomly selected from Registry twins who participated in a previous
study (Tsuang, Bar, Harley, & Lyons, 2001). All individuals served in the United States
Military at some point between 1965 and 1975, but are representative of American men of
their age with respect to health and lifestyle factors; nearly 80% did not serve in combat or
Vietnam (Kremen et al., 2011; Kremen et al., 2006; Schoenborn & Heyman, 2009).
Participants identified as white (90.8%), Asian (0.2%), black or African American (5.1%),
American Indian (0.6%), more than one race (2.7%), or declined to answer (0.6%). Hispanic
individuals comprised 3.0% of the sample.

Verbal fluency.—Verbal fluency was assessed using the Delis-Kaplan Executive Function
System (D-KEFS; Delis et al., 2001). Participants completed three phonemic fluency tasks
(letters £, A, and S), followed by two semantic fluency tasks (animals and boys’ names).
Additionally, participants performed a category switching trial in which they alternated
between naming fruits and pieces of furniture. To reduce the impact of the switching
element of this task, dependent measures for each trial were the correct number of exemplars
generated aloud within the 60-second response window, ignoring whether or not switches
were made. Nevertheless, because the category switching trial involved some task switching,
we allowed this trial to also be an indicator of Common EF in the current study. Its factor
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loading was significant on the Common EF factor, but small in magnitude (see the
appendix).

Executive function.—The EF battery in VETSA was based on six common
neuropsychological measures of EF and has also been described in previous work
(Gustavson, Panizzon, Franz, et al., 2018). The number of correct category switches was
previously included in this model, but we omitted it from the current EF model to avoid
biasing the association between the EF and verbal fluency factors. Removing this task did
not affect the model, including the genetic and environmental estimates for either latent
construct. Dependent measures for the Stroop task and Trail Making Test were multiplied by
-1 inall analyses so that higher numbers always indicated better performance.

Inhibition was assessed using the Stroop task (Golden & Freshwater, 2002) and the AX-
Continuous Performance Test (AX-CPT; Braver et al., 2001; Kremen et al., 2011). The
dependent measure of the Stroop was a residualized score for the number of correct words
identified during the color-word condition (naming colors of words printed in incongruent
colors), adjusting for performance on the word condition (reading color words printed in
black ink) and the color condition (naming the color of printed strings of X5). In the AX-
CPT, participants saw a series of letters in the center of a computer screen. During 70% of
the 150 trials, the letter A cue was followed by the letter X probe (AXtrials), with only 10%
of key trials where a non-A cue preceded the letter X probe (BXtrials). The dependent
measure was the arcsine-transformed signal detection index (the hit rate for AX trials minus
the false alarm rate for BXtrials).

Shifting was assessed with the Trail Making Test from the Delis-Kaplan Executive Function
System (Delis et al., 2001). The dependent measure was the RT for switching trial
(Condition 4) after residualizing the time on the letter sequencing and number sequencing
trials (Conditions 2 and 3). WM span was assessed using the digit span and letter-number
sequencing tasks from the Wechsler Memory Scale-111 (Wechsler, 1997), and the reading
span task (Daneman & Carpenter, 1980). In the digit span task, participants listened to
strings of numbers and either repeated them directly (forward) or repeated them in reverse
order (backward). In the letter-number sequencing task, participants re-sequenced letter-
number strings of increasing size with numbers in ascending order, followed by the letters in
alphabetical order. In both tasks, dependent measures were the total number of trials
completed.# In the reading span task, participants read multiple sentences aloud, and then
recalled the last word of each sentence in order. The dependent measures was the total
number of correct words recalled across all trials in the reading span (five trials each of
length two, three, and four sentences).

Vocabulary.—Vocabulary was assessed using the vocabulary subtest of the Wechsler
Abbreviated Scale of Intelligence (WASI-V; Wechsler, 1999) and the timed multiple-choice
vocabulary subtest of the Armed Forced Qualification Test (AFQT-V; Bayroff & Anderson,

4We followed standard administration in which subjects complete two (digit span) or three (letter-number sequencing) trials of each
span length (starting with two items), increasing in difficulty until both trials of a given span length were incorrect. For the digit span
only, subjects were administered two additional span lengths before discontinuing the test. The maximum span length was seven for
letter-number sequencing, ten for digit span forward, and nine for digit span backwards.
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1963; Lyons et al., 2017). Based on modification indices, we also included a factor loading
from the Vocabulary latent variable to the reading span task, likely reflecting the additional
reading demands in the task compared to the other span measures. However, excluding this
additional factor loading has no impact on the main conclusions.

Nonverbal cognitive ability.—Nonverbal cognitive ability was assessed using the matrix
reasoning subtest of the WASI (WASI-M; Wechsler, 1999) and the average of the scores for
the two primarily nonverbal components the AFQT: box folding (visuospatial organization)
and knowledge and reasoning about tools and mechanical relations (AFQT-G; Bayroff &
Anderson, 1963; Lyons et al., 2017). These two measures were combined to create a latent
variable.

Data Analysis

In both samples, all measures were adjusted for age by creating residualized scores after
accounting for age at that wave of assessment. When creating these residualized scores, we
also adjusted for sex in the adolescent sample.

Analyses were conducted using Mplus for phenotypic analyses (Muthén & Muthén, 2010-
2012) and the structural equation modeling package OpenMx in R for genetic analyses
(Neale et al., 2016). Both programs account for missing observations using full-information
maximum likelihood. Model fit was determined based on chi-square tests (;/), the root
mean error of approximation (RMSEA), and the Comparative Fit Index (CFI). Models with
the best fit had y? values less than two times the degrees of freedom, RMSEA values less
than .06, and CFI values greater than .95 (Hu & Bentler, 1998). Genetic models were also
compared to a full genetic Cholesky decomposition using )(Zdifference tests. Significance
of individual parameter estimates was established using standard error-based 95%
confidence intervals (Cls) in phenotypic analyses and likelihood-based Cls in genetic
analyses (Neale, Heath, Hewitt, Eaves, & Fulker, 1989). 95% Cls are reported in the main
text, but we also confirmed that p < .05 values reported in the tables were accurate with y?
difference tests. Phenotypic analyses accounted for the clustering by family in the data with
Mplus’s “type=complex” command, which yields standard errors and a ;(Zstatistic that are
adequately adjusted for non-independence of twin data (Rebollo, de Moor, Dolan, &
Boomsma, 2006; Satorra & Bentler, 2001).

Genetic analyses.—Genetically informed models were based on standard assumptions in
twin designs (Neale & Cardon, 1992), in which the variance of a phenotype can be separated
into proportions attributable to additive genetic influences (A), common environmental
influences (C), and nonshared environmental influences (E). Additive genetic influences (A)
are correlated at 1.0 in MZ twin pairs and 0.5 in DZ twin pairs because MZ twins share
100% of their alleles identical-by-descent and DZ twins share, on average, 50% of their
alleles identical-by-descent. Common/shared environmental influences (C) correlate 1.0 for
both MZ and DZ twins because they are environmental factors that make twins more similar
to one another. Nonshared environmental influences (E) do not correlate. These are defined
as environmental factors that make twins different from each other. We also assume equal
means and variances within pairs and across zygosity. These standard assumptions for
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univariate twin analyses extend to the multivariate analyses described here, including
situations where phenotypic correlations are decomposed into their genetic (g), shared
environmental (7¢), and nonshared environmental components (7). As in other structural
equation models, latent genetic/environmental variance components were not measured
directly. Rather, these assumptions were imposed on the model and the maximum likelihood
estimator converged on the best-fitting solution.

The latent variable models and univariate heritability’s for most measures were validated in
earlier work (Friedman et al., 2008; Gustavson, Panizzon, Franz, et al., 2018; Kremen,
Moore, Franz, Panizzon, & Lyons, 2014). Therefore, for each sample, we present only the
common pathway models of EFs alone, verbal fluency alone, and the combined model of
EFs and fluency together. In genetic models with both EFs and fluency, we used a Cholesky
decomposition to examine their overlapping and unique genetic/environmental variance
components. Figure 1D displays this Cholesky decomposition. Genetic and environmental
correlations between variables were algebraically computed from this Cholesky
decomposition.® We did not estimate shared environmental correlations in these models
because shared environmental influences were estimated at c2=.00 on EFs in adolescents
(Friedman et al., 2008) and on verbal fluency in middle-aged adults (Gustavson, Panizzon,
Elman, Beck, et al., 2018) in these data. Additionally, we did not test for nonshared
environmental correlations with the Updating-Specific factor in adolescents as they were
also estimated at e2=.00.

Descriptive Statistics

Descriptive statistics for all measures in both samples are displayed in Table 2, and
phenotypic correlations among all measures are displayed in the supplement (Tables S1 and
S2).

Models of Executive Functions and Verbal Fluency Alone

All genetic/environmental models of EFs (Figure 2) and verbal fluency (Figure 3) fit well
(see figure captions for model fit). In these models, percent variance explained in individual
EF/fluency tasks (shown in rectangles) by their respective latent factors can be computed by
squaring the factor loadings on the latent variables (shown in ovals). Similarly, variance in
latent EF/fluency factors explained by genetic (A), shared environmental (C), and nonshared
environmental influences (E) can be computed by squaring their factor loadings.

Executive functions.—In adolescents (Figure 2a), genetic influences explained almost all
the variance in the Common EF, a2=.97, 95% CI [.63, 1.0], Updating-Specific, a=1.0, 95%
CI [.63, 1.0], and Shifting-Specific factors, a?=.79, 95% CI [.38, .96]. Nonshared

S1n these models, we did not allow cross-paths between orthogonal latent variables. However, because fluency factors were included
last in the Cholesky order, there were implied correlations between the two fluency factors through their associations with EFs (and
vocabulary or nonverbal cognitive ability in the full model). Importantly, these implied correlations were small, and including fluency
last in the ordering was necessary to test the significance of their unique genetic/environmental variance components.
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environmental influences were only significant for the Shifting-Specific factor, e2=.21, 95%
ClI [.04, .41].

In middle-aged adults (Figure 2b), genetic influences on the Common EF factor were
somewhat smaller than in adolescents, a2=.41, 95% CI [.07, .80], but were substantial for the
WM-Specific factor, a?=.85, 95% CI [.51, .94]. The smaller heritability for the Common EF
factor in middle-aged adults was due to a larger contribution of shared environmental
influences, ¢2=.47, 95% CI [.11, .77]. Nonshared environmental influences were significant
for both Common EF, e2=.12, 95% CI [.03, .22], and WM-Specific factors, e2=.15, 95% ClI
[.06, .25].

Verbal fluency.—In adolescents (Figure 3a), the General Fluency factor was mostly
explained by genetic influences, a2=.72, 95% CI [.35, .94], with some nonshared
environmental influences, e2=.14, 95% CI [.05, .25]. The Semantic-Specific factor was also
explained mostly by genetic influences, a2=.80, 95% ClI [.28, .97], with some nonshared
environmental influences, e2=.18, 95% CI [.02, .36].

In middle-aged adults (Figure 3b), genetic influences accounted for most of the variance in
the General Fluency factor, a?=.76, 95% CI [.66, .82], with some nonshared environmental
influences, e2=.24, 95% CI [.18, .30]. Genetic influences also accounted for most of the
variance in the Semantic-Specific factor, a=.65, 95% CI [.26, .85], with significant
nonshared environmental influences, e2=.35, 95% ClI [.15, .57].

Phenotypic Models of Executive Function and Verbal Fluency

We first examined the phenotypic correlations between EFs, verbal fluency, vocabulary, and
nonverbal cognitive ability in each sample. The latent variable correlations between all
constructs are displayed in Table 3. Next, we conducted multiple regression analyses to
examine whether associations between EFs and fluency factors remained significant after
controlling for vocabulary and nonverbal cognitive ability. Standardized regression
coefficients are displayed in Table 4. Factor loadings and model fit for correlational and
regression models were identical. Factor loadings are displayed in the supplement (Table S3)
alongside path diagrams (Figure S1).

Adolescents.—As shown in Table 3, the General Fluency factor was significantly
correlated with the Common EF, Updating-Specific, and Shifting-Specific factors.
Regression analyses in Table 4 revealed that these associations all remained statistically
significant even when controlling for vocabulary and nonverbal cognitive ability (see
supplement for additional analyses involving processing speed). In the regression model, the
General Fluency factor was positively associated with the Common EF, Updating-Specific,
and Vocabulary factors, and negatively associated with the Shifting-Specific factor. Although
the General Fluency factor was also positively correlated with nonverbal cognitive ability,
this association was nonsignificant in the regression model. In total, half of the variance in
the General Fluency factor was captured by the other abilities, R?=.50.

The Semantic-Specific factor was not associated with the Common EF factor, but it was
positively correlated with both the Updating-Specific and Shifting-Specific factors. In the
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regression model, the Semantic-Specific factor remained positively associated with the
Shifting-Specific factor, the Vocabulary factor, and the measure of nonverbal cognitive
ability. However, the correlation with the Updating-Specific factor was no longer significant.
In total, almost half of the variance in the Semantic-Specific factor was captured by all the
cognitive variables (R2=.43).

Middle-aged adults.—In middle-aged adults, the General Fluency factor was positively
correlated with both the Common EF and WM-Specific factors, as well as the vocabulary
factor. Just as in adolescents, these associations remained significant in the regression model.
Also like adolescents, the positive correlation between the General Fluency and nonverbal
cognitive ability factors was no longer significant after controlling for EFs and vocabulary.
In total, about a third of the variance in the General Fluency factor was explained (R2=.33).

The Semantic-Specific factor was weakly positively associated with the Common EF factor
in middle-aged adults, but this association was nonsignificant in the regression analyses.
There were no associations between the Semantic-Specific and WM-Specific factors in the
correlational or regression models. Although the Semantic-Specific factor was positively
correlated with both the vocabulary and nonverbal cognitive ability factors to roughly the
same degree as in adolescents, only the association with vocabulary reached statistical
significance in the regression model. In total, only about 11% of the variance in the
Semantic-Specific factor was explained (R%=.11).

Summary of phenotypic analyses.—Phenotypic results supported the third scenario.

In both samples, the General Fluency factor was moderately correlated with the Common EF
factor, but it was also associated with each of the domain-specific EF factors. Furthermore,
at least half of the variance in the General Fluency factor was independent of EFs,
vocabulary, and nonverbal cognitive ability. As expected, the Semantic-Specific factor was
not associated with Common EF (with some caveats), but it was associated with the
Shifting-Specific factor in adolescents. In both samples, much of the variance in the
Semantic-Specific factor was unique.

Genetic Models of Executive Function and Verbal Fluency

Next, we combined genetic/environmental models of EFs and verbal fluency from each
sample, displayed in Table 5. Factor loadings on individual tasks and genetic/environmental
variance components on latent factors are not displayed, but were nearly identical to those
depicted in Figures 2 and 3.

Adolescents.—As shown in Table 5 (top), most of the phenotypic associations between
the EF and fluency factors were explained by genetic influences. Genetic influences
explained most of the variance in the Common EF and General Fluency factors, so it was not
surprising that 80% of their phenotypic correlation was explained by a significant genetic
correlation (74=.37). There was also a large nonshared environmental correlation between the
General Fluency and Common EF factors (#=.84), but it explained only 20% of the
phenotypic correlation given the weaker contribution of environmental influences on both
constructs. The Updating-Specific factor was entirely captured by genetic influences, so they
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explained the entire phenotypic correlation with the General Fluency factor. The negative
association between the General Fluency and Shifting-Specific factors was explained
roughly equally by genetic (45%) and nonshared environmental (55%) influences, but only
the nonshared environmental correlation was significant.

For the Semantic-Specific factor, there was a significant genetic correlation with the
Updating-Specific factor (7y=.38). Additionally, the Semantic-Specific factor was genetically
correlated with the Shifting-Specific factor (75=.30), explaining 62% of the phenotypic
correlation, but there was also a significant nonshared environmental correlation (7,=.58).

Importantly, there were substantial unique genetic influences on both fluency factors after
accounting for their associations with EFs. Genetic influences independent of EFs accounted
for 45% of the variance in the General Fluency factor (compared to 81%, the total genetic
variance), 95% CI [.15, .58], suggesting that over half of the total genetic variance on the
General Fluency factor was independent of EFs. Similarly, 50% of the variance in the
Semantic-Specific factor was explained by genetic influences independent of EF factors
(compared to 66% total), 95% CI [.29, .69]. In contrast, there were no significant unique
environmental influences on either factor after accounting for EF factors (0% for the General
Fluency factor, 95% CI [.00, .18], 15% for the Semantic-Specific factor, 95% CI [.00 .35]).

Middle-aged adults.—Genetic influences explained 91% of the phenotypic correlation
between the General Fluency and Common EF factors (7g=.71). The nonshared
environmental correlation between the General Fluency and Common EF factors was
nonsignificant. There was also a significant genetic correlation between the General Fluency
and WM-Specific factors (75=.40), explaining 94% of their phenotypic correlation. Again,
the nonshared environmental correlation was not significant. Consistent with the lack of
phenotypic correlation, the Semantic-Specific factor was not associated with either the
Common EF or WM-Specific factors at the genetic or nonshared environmental levels.

After accounting for the overlap with EFs, unique genetic influences on the General Fluency
factor accounted for 25% of the variance (compared to 76% total), but they were
nonsignificant, 95% CI [.00, .45]. Nonshared environmental influences on the General
Fluency factor independent of other cognitive abilities were comparable in magnitude and
significant, e2=.23, 95% CI [.15, .30]. There were also unique genetic (46%, 95% CI [.
11,.74]) and nonshared environmental influences (33%, 95% CI [.03, .54]) on the Semantic-
Specific factor beyond those explained by EF factors.

Summary of genetic analyses.—Almost all the association between the General
Fluency and Common EF factors was explained by genetic influences, with some evidence
for a nonshared environmental correlation in adolescents only. Genetic influences also
accounted for the associations between the General Fluency and Updating-Specific
(adolescents) or WM-Specific factors (middle-aged adults). Although we were only able to
assess a Shifting-Specific factor in adolescents, its association with fluency was relatively
equally explained by genetic and nonshared environmental influences both with respect to
its negative correlation with the General Fluency factor and its positive correlation with the
Semantic-Specific factor. Importantly, there were substantial genetic influences on both
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fluency factors even after accounting for EFs (and other cognitive abilities; see
Supplemental Results).

Discussion

Our results showed that fluency reflects many sources of EF variance, but also vocabulary
and two sets of unique genetic influences. These results were largely consistent across age
and samples representing two developmental periods.

Implications for Verbal Fluency

If verbal fluency ability is akin to shifting or WM updating, we would expect to observe
associations between the General Fluency and Common EF factors, but no associations
between the General Fluency factor and the domain-specific EF factors. However, this was
not the case. The General Fluency factor was associated with the Common EF factor, but
also associated with the Updating-Specific and Shifting-Specific factors in adolescents, and
with the WM-Specific factor in middle aged adults. To the extent that verbal fluency draws
on both Common EF ability and an assortment of domain-specific EF abilities, fluency may
be viewed as a combination of other EF abilities. However, because there was evidence for
unique variance in the General Fluency factor beyond that explained by EF factors,
vocabulary, and nonverbal cognitive ability, it is clearly capturing some unique sources of
variance as well.

These results are also relevant given the widespread use of fluency measures, especially in
the context of neuropsychiatric conditions such as Alzheimer’s disease, Parkinson’s disease,
schizophrenia, and depression (Henry & Crawford, 2004, 2005, 2005; Henry et al., 2004;
Ho, Nation, & Alzheimer’s Disease Neuroimaging, 2018). These findings suggest that
measures of verbal fluency may be good at capturing global EF impairments, as they reflect
multiple unique EF-relevant variance components. However, this combination of multiple
abilities makes determining the underlying mechanisms driving these associations more
difficult. Therefore, one must consider multiple mechanisms when interpreting research
findings using fluency tasks, especially in designs that do not have measures of EFs and
vocabulary for comparison.

The genetically informative nature of the samples analyzed here enabled us to better
characterize the associations between fluency and EF abilities. For example, the phenotypic
associations between fluency and EF factors were driven by genetic influences at both ages.
Environmental correlations were significant in adolescents (between General Fluency and
Common EF and between the Semantic-Specific and Shifting-Specific factors), but not
middle-aged adults. These correlations were explained by nonshared environmental
influences (that make twins different) as opposed to shared environmental influences (that
make twins similar). It will be useful to pinpoint the environmental factors that account for
these associations. However, just as genetic correlations reflect the combined effects of
many independent genetic influences, the nonshared environmental correlation may reflect a
multitude of factors, each of which only accounts for a small fraction of the variance
(Friedman et al., 2016; Plomin, Asbury, & Dunn, 2001).
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In addition, there were unique genetic influences on the fluency factors beyond those
explained by other EF abilities. Some of these unique genetic influences may reflect other
cognitive abilities not measured here (e.g., episodic memory, processing speed), but we
should have captured the most relevant cognitive abilities by controlling for vocabulary and
nonverbal cognitive ability. Indeed, although speed is correlated with almost all of the
cognitive abilities assessed here (Friedman et al., 2008; Gustavson, Panizzon, Franz, et al.,
2018; Unsworth et al., 2011), additional analyses described in the supplement (including
measures of perceptual speed in adolescents or reaction time in middle-aged adults)
demonstrated that all associations in the multiple regression (Table 4) remained significant,
with minimal increases in R2 of the models.

Future work could also examine these associations in the context of other dependent
measures of fluency. For instance, the number of correct words generated may reflect the
contribution of different sub-processes or strategies (Troyer & Moscovitch, 2006). Although
we were not able to examine other dependent measures here, the associations between
fluency, EFs, and vocabulary latent factors may differ across them (Unsworth et al., 2011). It
will be interesting to examine these associations in the context of the unity/diversity model
and quantify whether alternate measures capture unique genetic influences from one other
(or from the total words generated).

Implications for Executive Functions

Inhibition, shifting, and WM updating are the most widely studied EF abilities, but it is a
common misperception that these are the only three types of EFs (Friedman & Miyake,
2017). Research on verbal fluency has developed somewhat independently from other EFs.
Our findings suggest that verbal fluency ability draws on the same set of Common EF
variance as inhibition, shifting, and updating abilities. However, we are not proposing that
fluency should necessarily be incorporated into the unity/diversity model. Fluency tasks
draw on multiple EF processes (Common EF, Updating-Specific, Shifting-Specific abilities)
as well as vocabulary and at least two sources of unique influences (General Fluency and
Semantic-Specific abilities). Thus, it may be best to include fluency factors in regression
models with EF and vocabulary factors when examining associations with other constructs
(e.g., rather than including factor loadings from individual fluency tasks to as many as five
EF factors). This approach has been adopted in some recent studies on the association
between fluency and other cognitive phenotypes (Hedden, Lautenschlager, & Park, 2005;
Hedden & Yoon, 2006; Unsworth et al., 2011), but has not yet been widely applied in other
domains.

These results are relevant to our understanding of Updating-Specific and Shifting-Specific
abilities, which have remained somewhat unclear (Friedman & Miyake, 2017). The negative
association between the Shifting-Specific and General Fluency factors is consistent with
other findings that Shifting-Specific ability is negatively correlated with other positive traits
such as intelligence (Friedman et al., 2008), and supports the idea that it may trade-off with
the strength of goal activation, thought to be represented by the Common EF factor. For
example, Herd et al. (2014) developed a computational model demonstrating that Shifting-
Specific ability may reflect uncontrolled, automatic persistence of goal representations, and
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that strong goals (i.e., as would be seen with higher Common EF) persist longer because
they are more active. However, the moderate positive correlation with the Semantic-Specific
factor is unique in that it is one of the first positive associations observed. Further studies are
needed, but these results provide some initial evidence for the beneficial aspects of Shifting-
Specific abilities (i.e., abilities that are unique to shifting and not part of Common EF).

These results are also relevant to our understanding of Updating-Specific ability. Although it
is also unclear, Updating-Specific ability may reflect the effective gating of information in
the basal ganglia or controlled retrieval from long-term memory (Miyake & Friedman,
2012). The latter possibility is consistent with the positive associations between the General
Fluency factor and the variance unique to WM processes in both age groups (i.e., Updating-
Specific and WM-Specific factors), which likely reflect the search through semantic long-
term memory. Regression analyses revealed no significant associations between these WM
factors and the Semantic-Specific factor after controlling for vocabulary and nonverbal
cognitive ability. This is interesting because semantic fluency requires search through real-
world semantic categories (e.g., animals) as opposed to lexical categories (e.g., Swords), but
no extra WM processes appear to be involved in semantic fluency that are not explained by
variance shared with phonemic fluency (i.e., General Fluency).

Examining these data at different ages also grants insights into the generalizability of our
findings and potential age differences in these associations. The associations between the
General Fluency and Common EF factors were nearly identical in adolescents and middle-
aged adults, and driven by genetic influences, supporting the idea that there appear to be few
changes in the structure and genetic influences underlying EFs and their covariance with
fluency across adulthood. The only task in common between samples was the Stroop,
suggesting that these findings generalize well across the different measures and
administration methods, especially at the latent variable level. Furthermore, each of the
fluency and EFs factors decline at different rates across middle age (Gustavson, Panizzon,
Elman, Beck, et al., 2018; Gustavson, Panizzon, Elman, Franz, et al., 2018), yet vocabulary
continues to improving throughout the lifespan (Park & Reuter-Lorenz, 2009). Despite these
differences, their pattern of covariance in middle-aged adults remains remarkably similar to
those in adolescents, although longitudinal studies will be necessary to examine the
dynamics of these associations in more detail.

Nonverbal Cognitive Ability and Vocabulary

We also examined whether other cognitive abilities were relevant to these associations. The
Common EF factor is moderately-to-strongly genetically correlated with measures of
intelligence or general cognitive ability (Engelhardt et al., 2016; Friedman et al., 2008;
Gustavson, Panizzon, Franz, et al., 2018), but these findings further demonstrate that these
constructs are not the same. Measures of nonverbal general cognitive ability were correlated
with all the constructs in the study, but multiple regression analyses indicated that these
associations with fluency factors were nonsignificant after controlling for EFs and
vocabulary, with one exception for the Semantic-Specific factor in adolescents. Thus, despite
the moderate genetic overlap between EFs and nonverbal cognitive ability, it is the EF
variance independent of nonverbal cognitive ability that is most relevant to verbal fluency.
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In contrast, vocabulary was positively associated with both fluency factors, and this
association was similar in magnitude as those for EFs in the regression analyses. These
findings suggest that fluency tasks are not pure measures of EFs; vocabulary plays a
considerable role. This is consistent with work by Whiteside et al. (2016) who observed that
fluency was more strongly related to vocabulary than EFs in a heterogeneous sample of
outpatients, though they did not examine these associations at the level of latent variables.
Moreover, results indicated that these associations with vocabulary were driven almost
exclusively by genetic influences for General Fluency ability (99-100%) but by
environmental influences for Semantic-Specific ability (66% in adolescents, 98% in middle-
aged adults). Although power to decompose these associations were low in the full genetic
model (described briefly in the supplemental results), they suggest that environmental
influences on vocabulary play a larger role in semantic than phonemic fluency.

There were some differences in the samples and measures that affect our ability to draw
stronger conclusions about the correspondence of these results. First, the sample of
adolescents comprised both men and women, but the middle-aged sample comprised only
men. Second, the domain-specific EF factors differed in each sample (e.g., Shifting-Specific
and Updating-Specific factors in adolescents, WM-Specific factor in middle-aged adults),
restricting the generalizability of their results. Ideally, we would have conducted this study
using the same sample of individuals at both timepoints, and using the same measures of
EFs and fluency, though such studies rarely exist. Nevertheless, the strong correspondence
between the results of both samples suggest that these findings do generalize across
assessment and age and will be valuable to our growing understanding of the multiple
cognitive domains thought to be captured by EFs.

We did not have the power to distinguish between additive and dominant genetic influences
in this study (Martin, Eaves, Kearsey, & Davies, 1978), or examine epigenetic influences,
gene/environment correlations, or gene-by-environment interactions, which can only be
examined using much larger samples. Finally, the associations between verbal fluency, EFs,
and other cognitive abilities may differ in clinical samples. However, because both samples
were representative of the general populations the estimates of heritability were probably not
biased (e.g., by an overly healthy sample).

Summary and Conclusions

Fluency has historically been described as an EF, but it has been difficult to interpret results
due to the lack of elucidation of the correspondence between fluency and other well-studied
EF processes (inhibition, shifting, and WM updating) and their commonality (Common EF).
This study was the first to examine the genetic/environmental overlap between EFs and
verbal fluency using the recent unity/diversity model of EFs that highlights Common EF and
domain-specific variance. Verbal fluency factors were associated with EF factors in part
through associations with the Common EF factor, but also through other EFs (e.g., the WM-
Specific factor). A second fluency factor representing Semantic-Specific fluency was not
correlated with the Common EF factor at either adolescents or middle-aged adults, but it was
associated with Shifting-Specific and vocabulary factors. It will be important to consider the
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multi-faceted nature of fluency in future work, as performance on semantic fluency tasks
seems to be captured by at least five different sources of variance, each of which has some
unique genetic and environmental influences. Given the relevance of verbal fluency and EFs
to social, cognitive, and health phenotypes across the lifespan, it will be useful to examine
their associations in the context of large, genetically-informative models which are well
suited to isolate the variance components most relevant to these associations.

Context of the Research

Our work has highlighted the commonality and specificity of various processes thought to
rely on executive function. Studies typically focus on measures of inhibition, working
memory updating, and task-set shifting, but the relation of verbal fluency to other executive
processes has long been of interest. Fluency is sometimes considered an indicator of
executive function, but also sometimes considered a measure of language ability. This work
shows that variance in verbal fluency reflects a wide array of cognitive abilities, including
both general executive function processes, processes specific to some executive constructs
and not others (updating-specific and shifting-specific abilities), and other non-executive
cognitive abilities (vocabulary). These results are consistent with the utility of verbal fluency
tasks as neuropsychological measures sensitive to broad range of cognitive impairments.
However, our findings suggest that measures of verbal fluency may not be highly useful as a
research tool if the goal is to isolate specific mechanisms, as they blend together many
sources of cognitive individual differences. Therefore, although these results suggest that
verbal fluency cannot be neatly incorporated into models of executive function (such as the
unity/diversity model we highlight here), there are at least two sets of genetic influences
underlying fluency tasks that could not be attributed to executive functions or other cognitive
abilities. These unique sets of variance in verbal fluency, especially the variance unique to
semantic fluency, may be particularly relevant to future studies of cognition, health, and

aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
The three hypothesized scenarios of the study (Panels A-C) with Panel D displaying a

simplified version of the Cholesky decomposotion implemented in genetic analyses.
Domain-specific EF factors refer to Updating-Specific and/or Shifting-Specific factors in
adolescents and a WM-Specific factor in middle-aged adults. In the first scenario, we
expected General Fluency to be associated with Common EF, but also have unique variance
(paths a and c, but not path b in Panel D). In the second scenario, we expected General
Fluency to be associated with Common EF and one or more domain-specific factors, with no
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residual variance (paths a and b, but not c). In the third scenario, we expected General
Fluency to be associated with Common EF and one or more EF-specific factors, but also
have unique variance (all paths significant). In all scenarios, we expected no association
between Common EF and Semantic-Specific factors (path d = 0). Panel D depicts the
predictions for genetic influenes (e.g., Agg), which we expected to account for most of the
associations, but we also included shared (C) and nonshared (E) environmental influences,
shown in gray (shared environmental covariances were not estimated because they were
absent on EF and/or fluency factors). In all models, there are no Cholesky paths between
Common EF and domain-specific factors (or between General Fluency and Semantic-
Specific fluency factors) because they are uncorrelated by definition. We predicted the same
results across samples.
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Figure 2:
Genetic models of executive function in adolescents and middle-aged adults. The ACE

factors represent the genetic (A), shared environmental (C), and nonshared environmental
influences (E) on each latent variable. Ellipses indicate latent variables and rectangles
indicate measured variables. Percent variance explained can be computed by squaring factor
loadings. Residual ACEs on individual measures are not displayed, but were similar to the
estimates presented in earlier work (Friedman et al., 2016; Gustavson, Panizzon, Franz, et
al., 2018). Both models fit well, ;(2(321):389.00, p<.001, RMSEA=.032, CFI=.956 for
Figure 2a, ;(2(143):117.53, p=.941, RMSEA=.000, CFI=1.00 for Figure 2b. Significant
factor loadings are displayed in bold and with black lines (p < .05).
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Figure 3:

Genetic models of verbal fluency in adolescents and middle-aged adults. The ACE factors
represent the genetic (A), shared environmental (C), and nonshared environmental
influences (E) on each latent variable. Ellipses indicate latent variables and rectangles
indicate measured variables. Percent variance explained can be computed by squaring factor
loadings. Residual ACEs on individual measures are not displayed. Both models fit well,
1?(63)=60.92, p=.551, RMSEA=.000, CFI=1.00 for Figure 3a, y?(143)=179.54, p=.021,
RMSEA=.026, CFI=.986 for Figure 3b. Significant factor loadings are displayed in bold and
with black lines (p < .05).
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Table 1
Sample Characteristics

Variable N M SD Range
Age 17 (CLTS)
Age (fluency assessment) 811 16.58 0.79 16.0, 20.0
Age (EF assessment) 786 17.25  0.64 16.51, 20.08
Gender (% female) 813 52 - -
Intelligence 812 10217 1141 70, 142
Age 56 (VETSA)
Age 1290 55.9 2.44 51.1, 60.7
Education (years) 1290 13.85 2.1 5,20
General Cognitive Ability (age 20) 1274  0.34 069  -1.29,2.32
General Cognitive Ability (age 56) 1288 0.42 0.64 -1.76, 2.05

Page 28

Note: In the CLTS, intelligence was measured with the WAIS-111. In VETSA, general cognitive ability was assessed with all four subscales of the
Armed Forces Qualifications Test, which were transformed and percentile scored based on military norms. The means correspond to an 1Q of
approximately 104 to 105 on the WAIS (Lyons et al., 2009; Orme, Brehm, & Ree, 2001). Thus, 1Q is representative of the general population in

both samples.
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Table 2

Descriptive Statistics
Task N M SD Range Skewness  Kurtosis
Age 17 (CLTS)
Stroop 759  213.60 90.11 0, 488 0.58 0.19
Antisaccade? 779 104 020 47,157 -0.12 -0.26
Stop Signal 741 28192 62.56 151, 489 1.13 151
Keep Track? 774 094 018 38,1.49 0.30 0.56
Letter Memorya 785 1.09 0.25 .38, 1.57 0.29 -0.20
back? 777117 017 65, 1.57 -0.92 1.65
Number-Letter 776  330.80 183.18 -14, 923 1.04 1.12
Color-Shape 768  331.18 189.42 -196, 916 0.76 0.75
Category Switch 766  333.27 181.38 —34, 899 0.98 0.92
Phonemic S-P 811 839  3.90 0,21 0.33 -0.15
Phonemic G-T 811 571 231 1,14 0.50 -0.04
Semantic Round 811 13.50 4.90 2,36 0.61 0.59
Semantic Metal 811 14.67 5.98 2,35 0.35 -0.24
Vocabulary Part 1 807 24.39 8.43 1,49 0.47 0.10
Vocabulary Part 2 808 5.83 2.95 0,24 1.20 3.86
Performance 1Q? 813 10101 1117 72,136 0.20 -0.11
Age 56 (VETSA)
stroop® 1255 3595  8.33 6,69 0.05 0.30
AX-CPT? 1190 099 037 0,1.39 -1.35 1.06
Trail Making Test’ 1271 8915 3505 31.34,24000 168 3.87
Letter-Number 1280 10.13 2.36 0,20 0.22 1.02
Reading Span 1248  34.14 5.33 15, 45 -0.54 0.05
Digit Span 1276 17.11 3.90 8,30 0.29 -0.31
Phonemic F 1277 12.28 4.09 1,29 0.29 -0.02
Phonemic A 1277  11.15 3.90 1,29 0.41 0.34
Phonemic 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 6, 40 0.34 0.58
Fruits/Furniture 1277  12.75 2.55 4,22 -0.01 0.30
WASI - Vocabulary 1284  54.77 8.25 21,72 -0.62 0.67
AFQT - Vocabulary? 1203 8305 17.82 1,99 -1.72 2.73
WASI - Matrix Reasoning 1288  54.62 8.97 21,72 -1.20 1.23
AFQT — Nonverbal? 1288 5891  20.86 4,93 -0.27 -0.66
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Note: In all analyses, dependent measures were standardized residual scores after adjusting for age (and sex for the adolescent sample only), but the
unadjusted scores are presented here. Reaction time-based measures are also displayed before multiplying by negative 1 in all analyses (so higher
scores always indicates better performance).
a . .

indicates the dependent measure was arcsine-transformed.

b. .
indicates the dependent measure was a scaled score.

indicates performance on the EF condition before being adjusted for performance on baseline trials (color and word trials for Stroop, number only
or letter only for Trail Making Test).

d . . . .
indicates the dependent measure was a percentile score. AX-CPT = AX — Continuous Performance Test; WASI = Wechsler Abbreviated Scale of
Intelligence; AFQT = Armed Forced Qualification Test.
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Table 3

Latent Variables Correlations between Verbal Fluency, Executive Functions, Vocabulary, and Nonverbal
Cognitive Ability

General Semantic- Common  Updating Shifting-
Fluency Specific EF -Specific Specific Vocabulary
Age 17
General Fluency 1
Semantic-Specific - 1
Common EF 0.43 -0.03 1
[.28,.58]  [-.19,.14]
Updating-Specific 0.48 0.28 - 1
[.33,.64]  [12,.44]
Shifting-Specific -0.18 0.39 - - 1
[-.33,-.03] [.21,.57]
Vocabulary 0.57 0.32 0.32 0.54 0.05 1
[.47, .66] [.23,.40] [.20,.44] [40,.67] [-.07,.16]
0.40 0.30 0.48 0.27 -0.14 0.39

Nonverbal Cognitive Ability  [.32, .48] [.20, .40] [.38,.57] [.13,.39] [-.26,-.02] [.31, .46]

General Semantic-  Common WM-

Fluency Specific EF Specific Vocabulary
Age 56
General Fluency 1
Semantic-Specific - 1
Common EF 0.41 0.18 1

[.31, .50] [.05, .32]
WM-Specific 0.33 -0.04 - 1

[24,.42]  [-.17,.09]
Vocabulary 0.50 0.22 0.59 0.34 -

[.44, 56] [14,.31]  [.49,.68] [.24,.43]

0.35 0.26 0.72 0.11 - 0.68

Nonverbal Cognitive Ability  [.27, .42] [.15, .36] [.62,.82] [.00,.22] [.61,.75]

Note: Significant correlations are displayed in bold (p < .05). All constructs were measured with latent variables except nonverbal cognitive ability
in adolescents (i.e., WAIS performance 1Q). 95% confidence intervals are presented in brackets. Models fit the data well at both waves,

¥(80)=188.03, p<.001, RMSEA=.041 for adolescents, y2(82)=134.64, p<.001, RMSEA=.022 for middle-aged adults.
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Table 4

Nonverbal
Common Updating-/ Shifting- Cognitive
EF WM-Specific Specific Vocabulary Ability R?
Age 17
General Fluency 0.32 0.32 -0.19 0.29 0.02 0.50
[.15, .49] [.14, .50] [-.34,-.04]  [14,.44]  [-.09,.14]
Semantic-Specific -0.21 0.13 0.39 0.25 0.40 0.43
[-.43,.00]  [-.09,.35] [.17, .60] [.08, .43] [.24, 57]
Age 56
General Fluency 0.29 0.23 - 0.34 -0.12 0.33
[.12, .46] [13,.31] [21,.46]  [-.30,.06]
Semantic-Specific -0.01 -0.08 - 0.19 0.19 0.11
[-.27,.24]  [-.22,.06] [01,.38]  [-.05,.42]

Page 32

Note: Standardized regression coefficients and their 95% confidence intervals are reported. In these regression models, fluency factors were
included as dependent variables with correlations among all independent variables (EF factors, vocabulary, nonverbal cognitive ability), except
correlations among EF factors were fixed to zero by definition (e.g., Common EF and WM-Specific at age 56). Correlations among independent
variables were identical to those from the correlational models (Table 3). All constructs were measured with latent variables except nonverbal

cognitive ability in adolescents (i.e., WAIS performance 1Q). Significant regression coefficients are displayed in bold (o < .05).

aindicates Updating-Specific at age 17 but Working Memory-Specific at age 56.
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Table 5
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Genetic and Environmental Correlations Between Verbal Fluency and Executive Functions

Updating-/WM-
Fluency Measure Common EF Specifica Shifting-Specific
rg le ry le I le
Age 17
General Fluency 0.37 0.84 0.54 - -0.11 -0.54
[22,.54] [27,.99] [.39,.74] [-.30,.07] [-.86,-.11]
Semantic-Specific 0.03 0.14 0.38 - 0.30 0.58
[-21,.24] [-.39,.76] [11,.64] [06, 571  [15,1.0]
Age 56
General Fluency 0.71 0.20 0.40 0.10 - -
[47,.95] [-.17,58] [.26,.58] [-.29,.46]
Semantic-Specific 0.53 0.27 0.02 0.17 - -
[11,.87] [-.27,.93] [-.26,.26] [-.41,.72]

Note: Genetic (rg) and environmental (7g) correlations between executive functions and verbal fluency (and their 95% confidence intervals) are

displayed in adolescents (top) and middle-aged adults (bottom). The total variance explained by genetic (a2) and nonshared environmental

influences (e2) were nearly identical to those displayed in Figures 2 and 3. Shared environmental correlations were not estimated because, in all
cases, one or both variables had no evidence for shared environmental influences. Nonshared environmental correlations between the Updating-
Specific factor and fluency factors (age 17) were not estimated because the environmental estimate on the Updating-Specific factor was also zero
(see Figure 2a). Genetic and environmental correlations were not estimated directly but computed from the output of the Cholesky decomposition.
Factor loadings and residual ACEs on individual tasks are also not displayed, but were similar to those in Figures 2 and 3. Also not displayed, there
were implied correlations between General Fluency and Semantic-Fluency through their overlap with EFs (rg=.18, /g=-.20 at age 17, rg=.39, fg=.

07 at age 56). Both models fit well, ;(2(663):826.24, p<.001, RMSEA=.034, CFI=.938 for age 17, 12(565):637.92, p=.018, RMSEA=.019, CFI=.
985 for age 56. Significant correlations are displayed in bold (p < .05).

aindicates Updating-Specific at age 17 but Working Memory-Specific at age 56.
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