This manuscript is under review; this version will be updated according to future revisions.

Charting Age-Related Change in the Architecture of Fluid Cognition
Camille V. Phaneuf-Hadd!, Taylor Heffer', Patrick Mair!, Leah H. Somerville!-}

"Department of Psychology, Harvard University, Cambridge MA USA
2Faculty of Social Science and Humanities, Ontario Tech University, Oshawa ON Canada
3Center for Brain Science, Harvard University, Cambridge MA USA

Correspondence
cphaneuf(@g.harvard.edu
ORCID 0000-0001-5638-9631

Acknowledgements

This work was funded by a National Defense Science and Engineering Graduate Fellowship to
Camille Phaneuf-Hadd. The data were acquired with the support of awards UO1MH109589 and
UO1IMH109589-S1, the 14 NIH Institutes and Centers that support the NIH Blueprint for
Neuroscience Research, the McDonnell Center for Systems Neuroscience at Washington
University, and the Office of the Provost at Washington University. We are grateful to the
Human Connectome Project in Development Consortium Principal Investigators (Deanna Barch,
Susan Bookheimer, Randy Buckner, Mirella Dapretto, Stephen Smith, Leah Somerville,
Kathleen Thomas, David Van Essen, and Essa Yacoub) and staff members. We thank Melanie
Grad-Freilich and Petra Lenzini for providing access to the data and Deanna Barch, Graham
Baum, Yelina Chen, Katherine Grisanzio, and Maureen Ritchey for helpful discussion. The data
and code necessary to reproduce our analyses are available at: https://github.com/andlab-
harvard/hcpd-fc_paper phaneuf-hadd. The software necessary to replicate our findings are
available at: https://nihtoolbox.org/domain/cognition/ and https://www.R-project.org/. Our

analyses were not preregistered.


mailto:cphaneuf@g.harvard.edu
https://github.com/andlab-harvard/hcpd-fc_paper_phaneuf-hadd
https://github.com/andlab-harvard/hcpd-fc_paper_phaneuf-hadd
https://nihtoolbox.org/domain/cognition/
https://www.r-project.org/

Abstract
While fluid cognition (FC) demonstrates marked development from childhood to adulthood, less
is known about the pace of nonlinear improvements in FC processes, whether FC maturation
converges across processes, and how FC architecture varies with age. Participants (N = 1049, 8-
21 years, 50.52% female, 7.05% Asian, 0.29% American Indian/Alaska Native, 12.96% Black or
African American, 0.19% Hawaiian or Pacific Islander, 61.11% White, 15.82% mixed race)
completed FC tasks indexing inhibitory control, cognitive flexibility, processing speed, episodic
memory, and working memory. Performance in all processes increased during childhood and
early adolescence and grouped into Cognitive Control and Memory sub-architectures. Although
this organization appeared in childhood, Cognitive Control and Memory became more distinct

with age.
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Fluid cognition (FC) is an umbrella term that encompasses a range of higher-order processes,
including those classically identified as executive functions (e.g., Santarnecchi et al., 2021).
These processes, spanning inhibitory control to working memory, collectively permit individuals
to detect, integrate, and leverage information for flexible reasoning. Thus, FC is crucial for
setting and pursuing goals. Executive functioning is a commonly studied component of FC and
itself spans multiple processes and has been indexed using a range of tasks and measures
(Baggetta & Alexander, 2016; Tervo-Clemmens et al., 2023). Previous research has shown that
while indices of executive functioning performance generally increase from childhood to
adulthood, alongside the refinement of goal-directed behaviors (Best & Miller, 2011; Munakata,
Snyder, & Chatham, 2012; Wilbrecht & Davidow, 2024), several important questions about the
developmental timing and organization of FC more broadly remain unanswered. What is the
pace of nonlinear age-related improvements in FC? Are the most rapid periods of FC maturation
consistent across processes? How does the structure of FC vary with age? We address these
questions by focusing on select but key FC processes: inhibitory control, cognitive flexibility,
processing speed, episodic memory, and working memory.

Across multiple FC processes, including those associated with executive functioning,
prior work has demonstrated marked growth during childhood and adolescence, followed by
plateaus in performance in adulthood (Tervo-Clemmens et al., 2023). However, there are
disagreements about the ages at which individual FC processes reach their performance plateaus.
For instance, indices of inhibitory control performance, the ability to override a prepotent
response (e.g., Diamond, 2013; Miyake et al., 2000), may plateau by late childhood (e.g., ~11
years; Huizinga, Dolan, & Van der Molen, 2006) or continue changing into adolescence (e.g.,

~14 years; Luna, Garver, Urban, Lazar, & Sweeney, 2004). Meanwhile, indices of cognitive
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flexibility performance, the ability to shift between task demands (e.g., Diamond, 2013; Miyake
et al., 2000), has been found to plateau around late childhood (e.g., ~11 years; Anderson,
Anderson, Northam, Jacobs, & Catroppa, 2001). Indices of working memory performance, the
ability to manipulate information being held in mind (e.g., Diamond, 2013; Miyake et al., 2000),
by contrast, may plateau by mid-adolescence (e.g., ~15 years; Huizinga et al., 2006) or continue
to improve into early adulthood (e.g., >18 years; Crone, Wendelken, Donohue, van Leijenhorst,
& Bunge, 2006; >20 years; De Luca et al., 2003). It is challenging to compare these
developmental trajectories across separate studies with distinct datasets and methods, and
investigations testing multiple aspects of FC are often limited by discontinuous age ranges and
small sample sizes. Here is one such challenge: performance plateaus for a task are defined by
the difficulty of that task; inhibitory control performance will certainly plateau earlier in age than
working memory performance if the inhibitory control task is easier for participants to complete.
A standardized suite of FC tasks developed simultaneously, and with considerations for task
difficulty across age, is necessary for resolving when individual processes reach their
performance plateaus. Earlier studies also often rely on parametric modeling approaches, which
cannot specify the most rapid periods of maturation. It is vital to understand differences in FC
processes through adolescence, a stage typified by robust cognitive development, and when FC
is critical for recognizing and achieving goals during the transition to independence (Luna,
2009). Accordingly, the current cross-sectional study leverages: 1) generalized additive models
to assess nonlinear age trends in FC, and 2) a large and representative dataset with participants
densely sampled from childhood to emerging adulthood, who are 3) tested on FC tasks that are

demanding for participants of all ages.
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FC processes do not develop in isolation (Luna, Marek, Larsen, Tervo-Clemmens, &
Chabhal, 2015). Rather, they are elements of a broader cognitive architecture, which may
demonstrate distinguishable domains of processes (‘sub-architectures’) with age. The
composition and organization of these sub-architectures can be revealed through exploratory and
confirmatory psychometric techniques: clusters apparent in multidimensional scaling
configurations, sub-networks revealed by correlation networks, and latent factors produced by
factor analyses. For instance, previous research assessing executive functions has found (see
McAuley & White, 2011 for summary) that young children are best fit by a unitary factor model
(e.g., Fuhs, Nesbitt, Farran, & Dong, 2014; Hughes, Ensor, Wilson, & Graham, 2009; Wiebe,
Espy, & Charak, 2008; Willoughby, Wirth, & Blair, 2013), while across adolescence, separable
yet related sub-architectures begin to emerge (e.g., Mungas et al., 2013; Lee, Bull, & Ho, 2013),
suggesting that processes become specialized during adolescence (Laureys, De Waelle,
Barendse, Lenoir, & Deconinck, 2022). Because this prior work focuses on individual
psychometric approaches (i.e., factor analyses only), it may be insufficient to characterize the
nuances of age-related consistency and variability in FC organization. Additionally, earlier
investigations often use indices that tap into two or more cognitive processes at once; Best &
Miller (2011), for example, note that complex tasks like the Tower of London could involve the
coordination of inhibitory control, working memory, and planning. Instead, it is important to
implement a battery of tasks designed to capture different dimensions of FC (Bauer & Zelazo,
2013).

While studies of FC frequently involve at least one of the sampling and methodological
limitations described above, there are some notable exceptions. To start, Ahmed, Ellis, Ward,

Chaku, & Davis-Kean (2022) used a large dataset of participants 3-19 years to chart nonlinear
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growth patterns of working memory. Indeed, they observed periods of accelerated working
memory improvements across childhood and during early adolescence, highlighting the
importance of treating age nonlinearly in statistical models. The present research expands on
Ahmed et al.’s (2022) work by examining working memory in conjunction with other FC
processes. Next, Tervo-Clemmens et al. (2023) collated several large datasets, resulting in
participants 8-35 years who had completed many executive functioning tasks scored according to
the accuracy and/or latency of responses. By fitting generalized additive models, Tervo-
Clemmens et al. (2023) identified periods of accelerated executive functioning performance
gains during early to middle adolescence that tapered off during late adolescence and into early
adulthood, again emphasizing the importance of nonlinear methods in developmental research.
Tervo-Clemmens et al. (2023) also employed factor analyses of executive functions, reporting
that executive functioning was predominantly domain-general across their age range; ancillary
factors continued to reflect broad cognitive abilities and could be explained by different
collection methods in the datasets. We expand this line of investigation in two ways. First, while
we too consider the latent structure of FC from childhood to emerging adulthood, we build upon
Tervo-Clemmens et al. (2023) by testing a comprehensive developmental sample and
implementing a wider range of psychometric techniques that explore the organizational stability
of FC sub-architectures across age. Second, we assess nonlinear trends in both individual FC
processes and FC sub-architectures across age. Our approach affords a further level of sensitivity
for characterizing the connections amongst key FC processes through the transitions into, during,

and out of adolescence.
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Methods

Participants

One thousand ninety-three children, adolescents, and emerging adults ages 8-21 years completed
this study as part of the cross-sectional arm of the Human Connectome Project in Development
(HCPD; Somerville et al., 2018). From those individuals, we included participants in analyses if
they had all NIH Toolbox Cognition Battery fluid ability scores and their composite, resulting in
a final sample of N = 1049 (8.01-21.99 years, Mag. = 14.22 years, SDage = 4.00 years;
Supplemental Figure S1). Fewer than two percent of age-eligible participants were excluded for
missing data. Participants ages 5-7 years were collected in HCPD but not examined because their
instruction and practice procedures for the NIH Toolbox Cognition Battery, and the test stimuli
therein, often differed from participants eight years and older. Thus, it could not be known
whether any age-related changes in fluid cognition found in participants ages 5-7 vs. 8+ years
should be attributed to developmental processes or task administration differences.

HCPD aimed to collect a sample representative of current youth demographic
characteristics in the United States. Data were acquired across four sites (Harvard University;
University of California, Los Angeles; University of Minnesota; Washington University in St.
Louis) using consistent protocols (Somerville et al., 2018). Demographic information is reported
in Supplemental Table S1. In addition to being distributed across age, sex, race, ethnicity, and
state-level socioeconomic status, participants were recruited for HCPD if they did not endorse
any of the following: premature birth, claustrophobia, pregnancy, serious neurological or
endocrine conditions, serious head injuries, long-term use of immunosuppressants or steroids, >2

days hospitalization for certain physical or psychiatric conditions or substance use, or >12
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months treatment for psychiatric conditions. Prior to participation, adults and guardians of
minors provided informed consent and minors provided assent. All procedures were approved by

a central Institutional Review Board at Washington University in St. Louis.

NIH Toolbox Cognition Battery

The NIH Toolbox Cognition Battery was created in the early 2000s to offer a common method
for indexing cognitive performance across ages and research traditions (Gershon et al., 2013). Its
psychometric properties and sensitivity to developmental changes made it an appropriate
measure for HCPD, as a large, open-access consortium study, to include in its testing suite.
Namely, in HCPD, the NIH Toolbox Cognition Battery (version 2.0; Weintraub et al., 2013a;
Weintraub et al., 2013b) was administered via iPad and included five tasks indexing different
dimensions of fluid cognitive ability (Table 1). The tasks are briefly summarized below and
detailed information is provided in the Supplemental Methods. The NIH Toolbox Cognition
Battery also included two tasks indexing crystallized cognitive ability; this construct is outside
the scope of the present research question and data from these tasks are not reported here.
Uncorrected t-scores (i.e., not age-corrected) were chosen as the relevant metrics of performance
for this study, which capture performance differences across age. We used scores provided by
the NIH Toolbox Cognition Battery to preserve the important psychometric properties and
developmental sensitivity of the tasks. Interested readers are referred to Bauer & Zelazo (2013)
for more information about the test/retest reliability and construct validity of the NIH Toolbox

Cognition Battery’s tasks and their scoring procedures.
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Inhibitory Control. The Flanker Inhibitory Control and Attention Test (Flanker; Zelazo et al.,

2013) measured attention and inhibition of automatic responses. On each trial (N = 20),
participants saw a row of arrows and pressed a button indicating the direction of the middle
arrow, regardless of the direction of the other arrows that flanked it. Flanker was scored
according to the accuracy and reaction time of arrow responses if accuracy was >80%;

otherwise, it was scored according to accuracy alone.

Cognitive Flexibility. The Dimensional Change Card Sort Test (DCCS; Zelazo et al., 2013)

measured cognitive flexibility. On each trial (N = 30), participants saw two target images that
varied along two dimensions (shape and color) and a series of test images and cue words; they
were instructed to choose the target image that matched the test image according to the cued
dimension (‘shape’ or ‘color’). DCCS was scored according to the accuracy and reaction time of

target responses if accuracy was >80%; otherwise, it was scored according to accuracy alone.

Table 1. Indices of fluid cognitive ability from the NIH Toolbox Cognition Battery.

Task Abbreviation FC Process
Flanker Inhibitory Control Flanker (Flnk) Inhibitory Control
and Attention Test
Dimensional Change Card DCCS Cognitive Flexibility

Sort Test

Pattern Comparison
Processing Speed Test

Pattern Comparison (PnCn)

Processing Speed

Picture Sequence Memory PSMT Episodic Memory
Test
List Sorting Working List Sorting (LtSg) Working Memory

Memory Test
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Processing Speed. The Pattern Comparison Processing Speed Test (Pattern Comparison;

Carlozzi, Tulsky, Kail, & Beaumont, 2013) measured information processing speed by
prompting participants to indicate, as quickly as possible, whether two side-by-side images were
the same. They were given up to 85 seconds to respond to as many of the 130 total items as they
could. Pattern Comparison was scored according to the number of accurate yes vs. no button

presses made within the fixed time window.

Episodic Memory. The Picture Sequence Memory Test (PSMT; Bauer et al., 2013) measured

episodic memory by presenting a sequence of images depicting child-friendly activities.
Participants were instructed to demonstrate their memory for the story by dragging the images
into their correct order. Participants completed a 15-step test sequence followed by an 18-step

test sequence. PSMT was scored according to the accuracy of sequenced responses.

Working Memory. The List Sorting Working Memory Test (List Sorting; Tulsky et al., 2013)

measured working memory by presenting a series of food and animal images, and participants
orally reported the images in size order from smallest to largest within a single dimension
(animals or foods) or along two dimensions (foods, then animals). Research assistants recorded
whether participants’ verbal responses were correct or incorrect. The number of test trials that
participants completed for each dimension depended on their accuracy. They started with a two-
image list, and if they were correct, they moved to a three-image list. This process repeated

through a seven-item list. List Sorting was scored according to the accuracy of sorted responses.



AGE-RELATED CHANGE IN FLUID COGNITION 10

Aims and Analyses
All analyses were conducted in R (version 4.5.1; R Core Team, 2025). Analysis code and

anonymized data are publicly available at: https://github.com/andlab-harvard/hcpd-

fc paper phaneuf-hadd.

Describe relative rates of continuous age-related changes in FC processes. Our first aim was to

describe continuous age-related changes for each FC process that was measured. Accordingly,
we fit generalized additive models (GAMs) with thin-plate regression splines for age using the
gam function from the mgcv package (version 1.9.3; Wood, 2017; Wood, 2025). The gam
function produces a stable, smooth, data-driven curve that captures the fullest extent of nonlinear
age differences, rather than being restricted to linear or polynomial shapes (Wood, 2003; Wood,
2017). We set the method argument to REML in the gam function to mitigate over-fitting. Every
GAM reports an effective degrees of freedom (edf) metric, which offers a simple summary of the
degree of nonlinearity in the fit: an edf of one means a linear fit; an edf greater than one means a
nonlinear fit. We interpreted a GAM based on its edf and visual inspection.

For each task, we modeled the influence of age on z-scored performance (hereafter, z-
score), which is summarized by the NIH Toolbox Cognition Battery as uncorrected t-scores. We
chose to z-score the uncorrected t-scores because, while the NIH Toolbox Cognition Battery
tasks were designed to have a mean of 100 and a standard deviation of 15, in practice the means
and standard deviations varied slightly for each task (Supplemental Table S2). Normalizing all
uncorrected t-scores to the same scale (Supplemental Figure S2), allowed us to compare the
pace of age-related improvements and determine the ages associated with performance plateaus

(i.e., the years after phases of significant age-related improvements) across tasks.
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To identify which age ranges exhibited accelerated rates of change for every task, we
followed the procedure detailed by Grisanzio and colleagues (Grisanzio, Flournoy, Mair, &
Somerville, 2023). Briefly, using the derivative function from the gratia package (version 0.11.1;
Simpson, 2024), we computed the first derivative and simultaneous 95% confidence interval for
100 points along each fitted GAM. Taking the first derivative at a point on the x-axis along one
of these smooth curves gives the slope (i.e., rate of change in task score) at a particular age.
Because the fitted GAMs are nonlinear, the slopes of the smooth curves can vary at every point
along the x-axis. Deriving many such slopes along a smooth curve, and figuring out when they
differ from zero, reveals age ranges of accelerated change. We defined age ranges of accelerated
change as the points at which the simultaneous 95% confidence interval of the first derivative did
not include zero. We visualized periods of accelerated change using the ggpredict function from
the ggeffects package (version 2.3.1; Lidecke, 2018) and the ggplot function from the ggplot2
package (version 4.0.0; Wickham, 2016).

Our second aim was to describe the pace of continuous age-related change for each FC
process relative to the others. Accordingly, we fit generalized additive mixed-effects models
(GAMMs) with a factor-smooth interaction using the gam function from the mgcv package
(version 1.9.3; Wood, 2017; Wood, 2025). Again, we set the method argument to REML to
mitigate over-fitting and interpreted edf. For each task, we modeled the two-way interaction
between age and fask on composite z-score. While age continued to be treated as a thin-plate
regression spline, task was a factor with two levels in each model: the task being tested (z-
scored) vs. the composite of the other tasks in the battery (mean of z-scores). Participant ID was

associated with a random intercept to account for repeated measurements. We explored including
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random slopes in each GAMM, but the random slope variances were minimal and did not change
any of the results. Opting for parsimony, we omitted random slopes in the GAMMs.

To identify which age ranges exhibited significant age-related divergence for each task
relative to the others, we followed the procedure detailed by Heffer and colleagues (Heffer,
Flournoy, Baum, & Somerville, 2024). Briefly, using the plot_diff function from the itsadug
package (version 2.4.1; van Rij, Wieling, Baayen, & van Rijn, 2022), we computed regions of
significant age differences in fask trajectories according to simultaneous 95% confidence
intervals around the fitted lines in the factor-smooth interaction. We visualized significant main
effects, interactions, and areas of divergence using the plot model function from the sjPlot
package (version 2.9.0; Liidecke, 2025), as well as the ggpredict function from the ggeffects
package (version 2.3.1; Liidecke, 2018) and the ggplot function from the ggplot2 package

(version 4.0.0; Wickham, 2016).

Explore organization of FC processes across sample and between age groups. Our third aim was

to explore the organization of the FC processes in the entire sample, and our fourth aim was to
explore the stability of any sub-architectures that emerged across subsets of the overall age range
(children: 8-10 years, early adolescents: 11-13 years, late adolescents: 14-17 years, emerging
adults: 18-21 years). To examine the interrelations among the FC processes, we leveraged
multidimensional scaling (MDS). MDS is a technique that represents proximities among objects
as distances among points in a low-dimensional space (visualized as a “configuration”
scatterplot; Mair, Borg, & Rusch, 2016). Here, tasks were objects, and we viewed the resulting
configurations to explain the similarity structure(s) of our tasks. Tasks that were more similar to

each other, shown with points that appeared closer to each other in the configurations, were
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interpreted as clusters. All MDS functions were from the smacof package (version 2.1.7; de
Leeuw & Mair, 2009; Mair, Groenen, & de Leeuw, 2022). Using the sim2diss function, we
computed dissimilarity matrices for the entire sample and for each age group. These dissimilarity
matrices were inputted to the interval MDS using the mds function. Stress values and other
diagnostic tools (Mair et al., 2016) were used to evaluate whether each two-dimensional solution
was well-fitting.

We assessed the stability of our MDS solution in two ways. To assess the stability of the
configuration across random sub-samples of participants, we bootstrapped the MDS solution
using the bootmds function. Bootstrapped MDS solutions produce confidence regions around an
estimated configuration, shown as ellipses. The smaller an ellipse is around a point, the more
stable that point is in the configuration across random sub-samples of participants. We
interpreted clusters of points according to their ellipses: if two points were far apart in space but
their ellipses overlapped, then those points were not members of distinct clusters. To assess the
stability of the configuration for each age group relative to an emerging adult reference, we
iteratively aligned children, early adolescents, and late adolescents to emerging adults using the
Procrustes function.

To summarize age-related changes in the MDS-based proximity of the tasks, we
extracted pairwise distances among each task from the Procrustes solutions (e.g., the Flanker-
DCCS distance in children). Next, we collapsed the pairwise distances into one variable with two
levels: within-cluster tasks vs. between-cluster tasks. Finally, we visualized how within- and
between-cluster distances varied with age using ggplot function from the ggplot2 package

(version 4.0.0; Wickham, 2016).
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In service of the third and fourth aims, we also employed correlation matrices and
correlation networks (Supplemental Methods). These additional approaches allowed us to
determine whether there were converging results across multiple analysis frameworks. While the
MBDS solution can be bootstrapped to assess the stability of the configuration, providing rich
information about the fidelity of the clusters, correlation matrices and correlation networks can
be subject to further null hypothesis significance testing that complements the descriptive MDS

findings.

Confirm latent structure of FC processes across sample and between age groups. Following from

the organization of the FC processes proposed by the MDS, correlation matrix, and correlation
network techniques, exploratory factor analyses (EFA; Supplemental Methods) were used to
identify a latent structure at the sample-level and for every age group. The EFAs verified the
number of latent factors in our dataset and which tasks were associated with those factors.
Confirmatory factor analyses (CFA) were then fit according to the structure revealed by the
EFAs. All CFA fitting and evaluation functions were from the lavaan package (version 0.6.19;
Rosseel, 2012) and we visualized all CFAs using the semPaths function from the semPlot
package (version 1.1.7; Epskamp, 2025).

Our fifth aim was to confirm the organizational stability of the processes across the age
groups. To do so, we fit a pair of multigroup CFAs using the cfa function: one in which only the
loadings were constrained to be equal across age groups (“less constrained model”); one in
which the loadings and covariances were constrained to be equal across age groups (“more
constrained model”’). We conducted a likelihood-ratio test to determine which model was better-

fitting using the lavTestLRT function. If the less constrained model was better-fitting, then there
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was evidence to suggest that age-related variability in the covariances was more likely than age-
related consistency, and thus that the relation between the latent factors changed with age.

Our sixth and final aim was to describe continuous age-related changes in the factor
scores extracted from a sample-level CFA, as well as the relative pace of change in the latent
factors. Indeed, while aims 3-5 leverage several exploratory and confirmatory analysis
approaches to assess age differences in the organization of the processes, each required age to be
binned into groups. Thus, to examine continuous age-related changes in the architecture of FC,
we fit a sample-level CFA using the cfa function and evaluated it using the inspect and summary
functions. After determining that the model was well-fitting (¥2 = 0.589, CFI = 1.000, RMSEA =
0.000, RMSEA upper CI bound = 0.040, SRMR = 0.008), we extracted factor scores using the
lavPredict function and inputted these values into a series of factor score GAMs. First, we fit
GAMs that matched the procedures of the first aim. For each factor, we modeled the influence of
age on the factor score. We then identified age ranges with accelerated rates of change. Second,
matching the procedures of the second aim, we modeled the two-way interaction between age
and factor on factor score, associating participant ID with a random intercept. We then

identified periods of significant age-related divergence.

Power. Power analyses do not apply to most of these methods: GAMs are non-parametric (there
are no model parameters for which to assess power; instead, see Supplemental Tables S3, S4,
S8, and S9 for the degree of variance explained by each model) and there are no power analyses
for MDS (the key output of which is a configuration scatterplot). However, we did perform a
likelihood-ratio test to determine whether the less or more constrained multigroup CFA model

was better-fitting. Corresponding to this test, we conducted a power analysis (MacCallum,
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Browne, & Sugawara, 1996) using the wp.sem.rmsea function from the WebPower package
(version 0.9.4; Zhang & Yuan, 2018) with representative rmseal values to quantify the

sensitivity of this model-fit test (Supplemental Methods).

Results

FC performance increased with age most steeply during childhood and early adolescence:
evidence from individual indices
First, to describe continuous age-related changes in the FC processes that were measured, we fit
GAMs with age predicting the z-score of each task, then identified age ranges with accelerated
rates of change by comparing the simultaneous 95% confidence interval of the first derivatives to
zero (Figure 1A). We found nonlinear age-related changes for each process, as the age spline
was significant in all GAMs and the edf were always greater than three (Supplemental Table
S3). Specifically, we observed that Flanker increased with age most steeply between 8.0 and 15.6
years. DCCS increased with age most steeply between 9.0 and 13.2 years and 14.9 and 15.2
years. Pattern Comparison increased with age most steeply between 8.0 and 16.9 years. PSMT
increased with age most steeply between 9.1 and 13.5 years and 14.6 and 14.9 years. List Sorting
increased with age most steeply between 8.0 and 14.5 years. Together, all FC processes
demonstrated the greatest pace of age-related change until 17 years.

Second, to describe the rate of continuous age-related change in each FC process relative
to the others, we fit GAMs with a factor-smooth interaction between age and task predicting the
composite z-score of each task, then identified periods of significant age differences by

comparing the 95% confidence intervals around the fitted lines (Figure 1B). Again, the age
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Figure 1. Age-related changes in FC processes. Individual indices of FC increase with age most
steeply during childhood and early adolescence. (A) Plots of GAMs fitting z-scores of individual
FC indices to age show nonlinear age-related changes for each FC process. Shaded areas
represent age ranges in which the simultaneous 95% confidence interval of the first derivative of
the GAM does not include zero. All processes demonstrate accelerated rates of change between
eight and 17 years. (B) Plots derived from GAMMSs fitting composite z-scores to factor-smooth
interactions between age and fask for each FC index summarize how the trajectories in (A) differ
from each other. Yellow shaded areas represent age ranges in which the fitted trajectories for
each FC process’ task z-scores and composite z-scores significantly differ. The presence of
yellow shaded areas in most plots point to subtle differences in the pace of age-related change
across tasks. Of the processes that were measured, Pattern Comparison exhibits the steepest rate
of change, followed by DCCS. In A and B, shaded bands represent 95% confidence intervals

around fitted lines.

spline was significant in all GAMs and the edf were always greater than three (Supplemental
Table S4). Interestingly, we did not observe age-related divergence between Flanker and other
task trajectories. However, DCCS diverged between 8.2 and 10.9 years and 16.2 and 17.2 years;
while DCCS scores were lower than other tasks in children, DCCS scores were largely consistent
with other tasks in adolescents and emerging adults. Pattern Comparison diverged between 8.2
and 12.6 years and 16.9 and 22.0 years; Pattern Comparison scores were lower than other tasks
in children but higher than other tasks in emerging adults. Of the FC processes that were
measured, Pattern Comparison exhibited the steepest rate of age-related change. PSMT diverged

between 8.0 and 9.7 years; while PSMT scores were higher than other tasks in children, PSMT
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scores were largely consistent with other tasks in adolescents and emerging adults. List Sorting
diverged between 19.3 and 21.3 years; while List Sorting scores were lower than other tasks in
emerging adults, List Sorting scores were largely consistent with other tasks in children and

adolescents. Together, there was slight variability between the FC process trajectories.

While organization of FC processes was stable across age, subtle differences between sub-
architectures were observed

To explore the organization of the FC processes, we produced MDS configurations at the
sample-level and for each age group. Several diagnostic tools, including low stress values,
indicated that two-dimensional solutions were appropriate (stresssample = 0.067, stresschildren =
0.050, stressearly adolescents = 0.065, stressiate adolescents = 0.048, stressemerging aduits = 0.057).

We then assessed the stability of the MDS configuration across random sub-samples of
participants (i.e., bootstrapped solutions; Figure 2A) and across Procrustes-aligned age groups
(Figure 2B). In all configurations, Flanker, DCCS, and Pattern Comparison were more related to
each other than other FC processes. PSMT and List Sorting were also more related to each other
than other FC processes but were still distinct. Therefore, we report finding either two or three
total clusters in the MDS configurations, depending on the criteria applied. The first cluster
(Flanker, DCCS, and Pattern Comparison) is clearly observed through the tasks’ overlap along
Dimensions 1 and 2. The remaining cluster is less cohesive; it may consist of PSMT and List
Sorting together (overlap along Dimension 1), or the tasks may split into two (separation along
Dimension 2). Although two or three overall clusters of FC processes were stably observed
across age (also see Jenrich’s Tests of correlation matrices and Network Invariance Tests of

correlation networks; Supplemental Results), the composition of each cluster and the distance
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Figure 2. Organization of FC processes in the full sample and across age groups. MDS
solutions depict proximities between indices of FC, examining the stability of process
organization across random sub-samples of participants and across age. (A) Bootstrapped MDS
solution. Two or three process clusters are stably observed across random sub-samples of
participants. Ovals represent 95% confidence ellipses. Flanker and Pattern Comparison are the
most domain-general measures of FC (largest ellipses). (B) Procrustes MDS solutions. Two or
three process clusters are also stably observed across age. Each child and adolescent age group
(children: 8-10 years, early adolescents: 11-13 years, late adolescents: 14-17 years) is aligned to
emerging adults (18-21 years). The configuration becomes more adult-like during late
adolescence (overlapping pink diamond and purple square points). Flnk = Flanker, PnCn =

Pattern Comparison, LtSg = List Sorting.

between the clusters changed with age. The Procrustes MDS solutions indicated that the

configuration becomes more adult-like during late adolescence: the children (depicted in orange
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circle) and early adolescent (red triangle) points are relatively overlapping while the late
adolescent (pink diamond) and emerging adult (purple square) points are relatively overlapping
(Figure 2B).

Visualizations of the within-cluster (e.g., Flanker-DCCS) and between-cluster (e.g.,
Flanker-PSMT) distances extracted from the Procrustes MDS solutions further support the trend
of the process clusters becoming more disparate with age (also see Global Strength Invariance
Tests of correlation networks; Supplemental Results). Namely, while within-cluster distances
remained stable across age, the between-cluster distances were greater in late adolescents and
emerging adults than children and early adolescents (Supplemental Figure S5). Finally, the
bootstrapped MDS configuration illustrates that Flanker and Pattern Comparison are the most
domain-general measures of FC throughout the sample, as seen by their relatively large ellipses
(Figure 2A). Together, the bootstrapped and Procrustes MDS solutions demonstrated
organizational stability of process clusters across age. However, although the overall
organization was stable, the sub-architectures arranged in adult-like ways during adolescence.
Further evidence for these conclusions was produced by a complementary analysis approach

using correlation matrices and correlation networks (Supplemental Results).

Latent structure of FC processes was stable across age

EFAs support the latent structure suggested by the MDS configurations and correlation matrices
and correlation networks, determining that Flanker, DCCS, and Pattern Comparison indeed load
onto one latent factor while PSMT and List Sorting load onto another (Figure 3; Supplemental

Results). The factor including measures of inhibitory control, cognitive flexibility, and
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processing speed will hereafter be labeled as Cognitive Control. The factor including measures

of episodic and working memory will hereafter be labeled as Memory.

2-Factor EFA Loadings

1.0
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1
o

Factor 2: Memory

-0.5

0.5 0.0 0.5 1.0
Factor 1: Cognitive Control

Figure 3. Exploring two latent factors of FC. EFA loadings plot finds evidence for two latent
factors and shows which FC indices load onto which latent factors (non-zero coordinates along
relevant axes). In EFAs of all age groups, Flanker, DCCS, and Pattern Comparison load onto
factor one (‘Cognitive Control’) while PSMT and List Sorting load onto factor two (‘Memory’).

FInk = Flanker, PnCn = Pattern Comparison, LtSg = List Sorting.

To confirm the organizational stability of the latent factors across the age groups, we
compared less and more constrained multigroup CFA models. Following from the EFAs, these
CFAs were fit with two factors: Cognitive Control (including Flanker, DCCS, and Pattern
Comparison) and Memory (including PSMT and List Sorting). The two-factor multigroup CFAs

were not significantly different (p = .645), meaning that we did not find evidence supporting age-
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related changes in the covariances between the latent factors. Cognitive Control and Memory
having an age-varying relation was no more likely than Cognitive Control and Memory having
an age-consistent relation (Rchildren = 0.633, Rearly adolescents = 0.494, Riate adolescents = 0.623, Remerging
adults = 0.466). Together, model comparison of the multigroup CFAs demonstrated that the latent

structure of FC is already in place among children ages 8-10 years.

FC performance increased with age most steeply during childhood and early adolescence:
evidence from latent factors

To describe continuous age-related changes for each latent factor, we began by fitting a sample-
level two-factor CFA (Figure 4). The paths in Figure 4 are labeled with standardized
parameters, which means they should be interpreted in terms of standard deviations (i.e., effect
sizes; e.g., a 1-unit change in Cognitive Control corresponds to a change of 0.76 standard
deviations in Pattern Comparison). Notably, the model revealed that the loadings were higher for
Cognitive Control than Memory but the error variances were higher for Memory than Cognitive
Control, indicating that Cognitive Control may be a more cohesive latent factor than Memory.
We also saw that Cognitive Control and Memory correlate. All paths in the CFA were significant
(Supplemental Table S7). Next, we extracted the factor scores from the two-factor CFA, fit
GAMs with age predicting each factor score, then identified age ranges with accelerated rates of
change (Figure SA and B). We found nonlinear age-related changes for each latent factor, as the
age spline was significant in both GAMs and the edf were greater than four (Supplemental
Table S8). Specifically, we observed that Cognitive Control increased with age most steeply

between 8.0 and 16.5 years. Memory increased with age most steeply between 8.0 and 15.9
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2-Factor CFA with Standardized Parameters
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Figure 4. Confirming two latent factors of FC. Path diagram of CFA model fit to sample-wide
data depicts the latent structure of FC: Cognitive Control and Memory. Paths in the diagram are
labeled with standardized parameter estimates for the loadings of the FC indices (indicators) on
the latent factors, the variances of the indicators and latent factors, and the correlation between
the latent factors. Dashed lines correspond to fixed loadings and solid lines correspond to
estimated loadings (in CFA, one loading must be fixed for each latent factor). Demonstrating
smaller error variances, Cognitive Control may be a more cohesive latent factor than Memory.
Although Cognitive Control and Memory correlate, they are distinct factors. This latent structure
is preserved across age groups. Flnk = Flanker, PnCn = Pattern Comparison, LtSg = List Sorting,

CgCn = Cognitive Control, Mmry = Memory.
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Figure 5. Age-related changes in latent factors of FC. Latent factors increase with age most
steeply during childhood and early adolescence. (A and B) Plots of GAMs fitting factor scores
to age show nonlinear age-related changes for each latent factor. Shaded areas represent age
ranges in which the simultaneous 95% confidence interval of the first derivative does not include
zero. Cognitive Control (in blue) and Memory (in green) demonstrate accelerated rates of age-
related change between eight and 17 years. (C) Plot derived from GAMM fitting factor scores to
a factor-smooth interaction between age and factor summarizes how the trajectories in A and B
differ from each other. Yellow shaded areas represent age ranges in which the fitted trajectories
for each latent factor significantly differ. Cognitive Control exhibits a steeper rate of age-related
change than Memory. In A through C, shaded bands represent 95% confidence intervals around

fitted lines.

years. Together, the greatest pace of age-related change in latent factors occurred between eight

and 17 years.
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Finally, to describe the rate of continuous age-related change in the latent factors relative
to each other, we fit a GAM with a factor-smooth interaction between age and factor predicting
the factor scores, then identified periods of significant age differences (Figure 5C). As in the
above analyses, we found nonlinear age-related changes for each latent factor, as the age spline
was significant and the edf were greater than four (Supplemental Table S9). Moreover, we
observed divergence between Cognitive Control and Memory between 8.0 and 11.8 years and
14.5 and 22.0 years. Ultimately, Cognitive Control exhibited a steeper rate of age-related change

than Memory.

Discussion

Using a suite of exploratory and confirmatory tools, this study investigated multidimensional FC
development, identifying sub-architectures of its processes and clarifying their age-related
changes. GAMs revealed that performance on indices of inhibitory control, cognitive flexibility,
processing speed, episodic memory, and working memory all increased nonlinearly with age,
showing the steepest improvements during childhood and early adolescence. Moreover, a series
of psychometric techniques found that these FC processes organized into Cognitive Control
(including measures of inhibitory control, cognitive flexibility, and processing speed) and
Memory (including measures of episodic and working memory) sub-architectures. While this
bifurcated sub-architecture organization was already observed by childhood and persisted
through adolescence and emerging adulthood, subtle changes within and between clusters of

processes continued to emerge with age.
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We found accelerated rates of FC improvement until 17 years; afterward, increases in
performance plateaued during the transition from adolescence to emerging adulthood. This
pattern was observed both in individual indices of FC and in the Cognitive Control and Memory
latent factors. While some prior work assessing executive functioning has noted that the greatest
“spurts” of maturation occur between 9 and 12 years (De Luca & Leventer, 2008), our results are
more consistent with research denoting a longer period of FC development, whereby rapid
improvements continue across multiple measures and cognitive processes through early
adolescence (e.g., Huizinga et al., 2006; Tervo-Clemmens et al., 2023). Ultimately, our FC
findings align with theories that characterize adolescence as a phase in which cognitive
capacities are still developing (e.g., Luna, 2009; Somerville & Casey, 2010).

Although we see the same general periods of FC growth across processes, our results also
reveal slight variability in the pace and magnitude of age-related changes in each process. For
instance, inhibitory control never significantly diverged from the other individual FC trajectories
across our age range, while processing speed exhibited the steepest rate of change. Meanwhile,
cognitive flexibility performance was relatively low during childhood, suggesting a protracted
development, episodic memory performance was relatively high during this period, suggesting
an earlier development, and working memory performance plateaued at a lower level in
adulthood than the other FC processes. Characterizing age differences between these nonlinear
curves is an important step in mapping out the developmental cascade of the FC processes. For
example, some authors argue that inhibitory control “gains” precede those of working memory
(De Luca & Leventer, 2008), while others advocate for the opposite (Diamond, 2013). Moreover,
Best & Miller (2011) and Diamond (2013) propose that cognitive flexibility builds on inhibitory

control and working memory, and thus matures later, yet others suggest that cognitive flexibility
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matures sooner compared to other processes (De Luca & Leventer, 2008). While longitudinal
analyses are needed to directly evaluate the within-person developmental timing of these
processes, our study, with its dense cross-sectional sample and its standardized suite of FC tasks,
finds informative between-person differences in the trajectories of these FC processes.

Interestingly, we observed contiguous periods of accelerated age-related changes in
inhibitory control, processing speed, and working memory from late childhood to mid- or late
adolescence, while we observed two periods of accelerated age-related changes in cognitive
flexibility and episodic memory. The cognitive flexibility and episodic memory findings were
unexpected, and could reflect maturational “spurts” in these abilities during late childhood and
early adolescence and again during mid- to late adolescence, albeit briefly. However, we
speculate that the dual “spurts” are only subtly different from the consistently positive overall
trends (before the eventual plateaus during late adolescence). Thus, determining whether these
are reliable phases of accelerated development will require replication.

In addition to characterizing age-related changes in each process, we examined their
structure. Some theories argue that the structure of FC does not change through adolescence;
some theories argue that it does. Our results harmonize these conflicting interpretations of
findings in the existing literature. Namely, a range of exploratory and confirmatory psychometric
techniques consistently revealed an age-invariant bifurcated organization: Cognitive Control and
Memory. These two sub-architectures were observed in childhood and persisted through
adolescence and emerging adulthood. Our bifurcated organization aligns with previous work
demonstrating similar separation between cognitive control- and memory-related factors in
executive functioning (Brocki & Bohlin, 2010; Huizinga et al., 2006; Shing, Lindenberger,

Diamond, Li, & Davidson, 2010). Although the bifurcated organization of Cognitive Control and
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Memory was present from late childhood to early adulthood, the relations between Cognitive
Control and Memory still changed with age. Specifically, Cognitive Control and Memory were
distinct by childhood, with stronger within sub-architecture relations than between sub-
architecture relations (as in Anderson et al., 2001); however, MDS, correlation matrix, and
correlation network analyses indicated that sub-architecture separation intensified with age. For
instance, the greatest differences in MDS solutions between early and late adolescence are
evidence for the most rapid period of FC maturation occurring during this developmental stage.
These sub-architecture separation results support prior research reporting that the factor structure
of executive functioning fractionates during adolescence (e.g., Laureys et al., 2022; Lee et al.,
2013; Mungas et al., 2013). With a large and representative sample across a contiguous age
range, and with a suite of complementary psychometric techniques, we were able to detect these
nuanced patterns of age-related changes. Studying the structure of FC processes in a longitudinal
sample is a worthwhile future direction to determine whether the specialization of Cognitive
Control and Memory during adolescence is observed within, in addition to across, individuals.
Much of the literature inspecting the structure of FC has focused on executive
functioning, and there are mixed results regarding the number of latent factors and which FC
processes contribute to each factor (Karr et al., 2018). Compared to the bifurcated organization
found in the current study, some researchers propose that there are three separate but correlated
core executive functioning factors across development: inhibitory control (‘inhibition”),
cognitive flexibility (‘shifting’), and working memory (‘updating’; e.g., Best & Miller, 2011;
Diamond, 2013; Miyake et al., 2000). Others argue for a different set of three dissociable but
integrated factors: attentional control, cognitive flexibility (which includes working memory, in

this account), and goal setting (Anderson et al., 2001). Like Rosenberg et al. (2020), we see
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separation of episodic and working memory in our MDS solution. However, we acknowledge
that having one task per cognitive process may have limited our ability to draw connections to
previous work indicating that working and short-term memory cluster onto separate latent factors
in children, adolescents, and adults (see Diamond, 2013 for review). Certainly, there are
processes of executive functioning, and FC more broadly (e.g., attention, planning), that were not
captured by the NIH Toolbox Cognition Battery (Bunge, 2024). If a more diverse set of FC
abilities were measured, perhaps more sub-architectures would have emerged and their age-
related changes could be relatively faster or slower than those documented here.

Our results in some ways oppose research suggesting that executive functions
specifically, and perhaps FC processes generally, are best captured by a unitary factor structure
(Tervo-Clemmens et al., 2023), especially in childhood (Laureys et al., 2022; but see Lehto,
Juujarvi, Kooistra, & Pulkkinen, 2003). We note that while Cognitive Control and Memory are
highly correlated, they are separable. Their distinction was consistently observed across methods.
First, our MDS, correlation matrix, and correlation network analyses indicated that these sub-
architectures further differentiated through childhood and adolescence (Chevalier, 2015).
Second, a GAM contrasting age-related changes in our latent factors demonstrated relatively
greater Memory performance during childhood but relatively greater Cognitive Control
performance during late adolescence and emerging adulthood; these differing trajectories again
endorse sub-architecture dissociation. These nuances are important and can inform policy and
theory dedicated to understanding the development of FC among youth.

Zooming out, the literature’s disagreement about the factor structure of executive
functioning — how many factors there are, and what those factors are — has many possible

culprits, many of which our study sought to address. First, there are inconsistencies with how
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executive functioning is defined (see Jurado & Rosselli, 2007 for review). What cognitive
component processes comprise executive functioning? What processes fall beyond its bounds?
Some previous research takes a broad definition of executive functioning, including inhibitory
control, cognitive flexibility, processing speed, working memory, and even planning as
component processes (e.g., Tervo-Clemmens et al., 2023). Others take a narrow definition of
executive functioning, including just inhibitory control and cognitive flexibility (e.g., Zelazo et
al., 2013). Working memory is frequently caught in the cross-fire. When a broader definition of
executive functioning is taken, working memory is often considered a factor (e.g., Miyake et al.,
2000). When a narrower definition of executive functioning is taken, working memory is often
not considered a factor (e.g., Mungas et al., 2013). Given this controversy, we avoid labeling
either of our latent factors as executive functioning: we assign labels that follow closely from the
tasks that were administered (Cognitive Control vs. Memory). Second, researchers primarily use
factor analyses to elucidate the structure of executive functioning. This approach is certainly
valuable for testing a model of the latent structure of executive functioning. However, as we
have shown, leveraging other exploratory psychometric techniques provides information about
the nuanced relations between Cognitive Control and Memory that may not be revealed by factor
analyses. In confirmatory factor analyses, the researcher specifies the factor structure. In data-
driven MDS, correlation matrix, and correlation network analyses, sub-architectures of fluid
cognition can still emerge, even if a unitary factor model of executive functioning is best-fitting.
Third, researchers historically have tested samples of participants across discontinuous age
ranges or have included wide age bands in factor analyses. Since young children are thought to
be best fit by a unitary factor model of executive functioning but executive functioning is

thought to fractionate through adolescence, including all participants under 18 years in a single
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model can bias that model toward supporting one or multiple factors, depending on the age
distribution. As our age-continuous sample and age-sensitive analyses indicate, Cognitive
Control and Memory are distinct by late childhood, but demonstrate different developmental
trajectories through adolescence. Finally, researchers often use indices that tap into two or more
cognitive processes at once. Complex tasks like the Tower of London could involve the
coordination of inhibitory control, working memory, and planning (Best & Miller, 2011). Indices
of multiple cognitive processes may obscure the role of each in the latent structure of executive
functioning.

The strengths of our study include its large and representative dataset, nonlinear methods,
and exploratory and confirmatory psychometric techniques. The NIH Toolbox Cognition Battery
tasks also offered a detailed look at distinct processes with well-established, standardized indices
of FC performance. Moreover, performance on the NIH Toolbox Cognition Battery is specially
designed to yield scores that are comparable across the entire age range, a crucial element for the
research described here. On balance, we note that the scoring procedure for the NIH Toolbox
Cognition Battery is pre-specified by the developers of the battery. In particular, certain tasks are
scored according to both accuracy and reaction time — the tasks for which the speed of
responding is key for capturing performance variability in the constructs of interest. Our analyses
examining the organization of the FC processes revealed that inhibitory control, cognitive
flexibility, and processing speed (all of which incorporated reaction time into their scores)
grouped into one sub-architecture while episodic and working memory grouped into another
(both of which did not). Although we interpret these findings to mean that measures within each

sub-architecture derive from more similar underlying cognitive processes, it is important to



AGE-RELATED CHANGE IN FLUID COGNITION 33

acknowledge this pattern as its impact will warrant further research with a wider range of tasks
and scoring procedures, indexing additional or even redundant FC processes.

Nonetheless, our results improve understanding of the measurement properties of the
NIH Toolbox Cognition Battery by showing a bifurcated organization of FC processes. This is
important to note because the Battery is used in several other open-access initiatives, like the
Adolescent Brain and Cognitive Development (ABCD) study. Having a deep understanding of
an established and standardized suite of tasks is vital for juxtaposing cognitive processes across a
diverse range of investigations that will emerge from HCPD, ABCD, and individual laboratories
(Bunge, 2024).

Ultimately, and as in the executive functioning literature (Bunge, 2024; Friedman &
Miyake, 2017; Miyake & Friedman, 2012), our study highlights both the unity and diversity of
FC processes, especially as relations among and between these processes change with age.
Together, we shed light on FC development on two levels: its pacing and its structure. Having a
robust description of FC development is crucial because FC subserves many other real-world
skills like reasoning, problem-solving, and planning (Diamond, 2013), as well as model-based
learning and other goal-directed behaviors (Wilbrecht & Davidow, 2024). These high-order

skills are especially critical during the transition from adolescence to adulthood.
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