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Abstract

The ability to adaptively respond to behaviorally relevant cues in the environment, including voluntary control of automatic but
inappropriate responses and deployment of a goal-relevant alternative response, undergoes significant maturation from childhood
to adulthood. Importantly, the maturation of voluntary control processes influences the developmental trajectories of several key
cognitive domains, including executive function and emotion regulation. Understanding the maturation of voluntary control is
therefore of fundamental importance, but little is known about the underlying causal functional circuit mechanisms. Here, we use
state-space and control-theoretic modeling to investigate the maturation of causal signaling mechanisms underlying voluntary
control over saccades. We demonstrate that directed causal interactions in a canonical saccade network undergo significant
maturation between childhood and adulthood. Crucially, we show that the frontal eye field (FEF) is an immature causal signaling
hub in children during control over saccades. Using control-theoretic analysis, we then demonstrate that the saccade network is
less controllable in children and that greater energy is required to drive FEF dynamics in children compared to adults. Our findings
provide novel evidence that strengthening of causal signaling hubs and controllability of FEF are key mechanisms underlying age-
related improvements in the ability to plan and execute voluntary control over saccades.
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Introduction
Voluntary control over saccades plays an important role
in directing visuospatial attention, detecting and tracking
salient objects in space, forming priority maps of visual
images, and in selective visual attention to stimuli that
are relevant to behavior (Moore and Fallah 2001; Moore
and Zirnsak 2017). The ability to adaptively respond to
behaviorally relevant cues in the environment under-
goes significant maturation from childhood to adulthood
(Schachar and Logan 1990; Williams et al. 1999). Adaptive
and flexible behaviors involve suppression of automatic
but inappropriate responses and deployment of an alter-
native response, based on goal-relevant contextual cues
(Munoz and Everling 2004). These voluntary control pro-
cesses are thought to be immature in children (Diamond
2013). A prime example of this in a laboratory setting is
the antisaccade (AS) task, which has been widely used
to probe brain systems underlying voluntary control over

eye movements (Curtis et al. 2005; Ford et al. 2005; Brown
et al. 2006; Ettinger et al. 2008; Cai, Cannistraci, et al.
2014a). In the AS task, participants are required to make
a saccadic eye movement away from a target presented
in the peripheral visual field, suppressing the natural
tendency to make reflexive saccades toward it (Munoz
and Everling 2004). Children find this task particularly
difficult, not because they fail to understand the task
rules but because of difficulty in suppressing automatic
responses to the target, which is consistent with evidence
for immature inhibitory control processes in childhood
(Fischer et al. 1997; Fukushima et al. 2000; Klein and
Foerster 2001). More generally, several lines of evidence
suggest that planning eye movements and directing visu-
ospatial attention share overlapping brain mechanisms
and investigations of saccades have a long history in
nonhuman primate studies arising from their central
role in selective visual attention (Moore and Fallah 2001;
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Moore and Zirnsak 2017). Thus, investigations of brain
circuits involved in voluntary control of saccades also
have the potential to inform mechanisms underlying
immature context-sensitive orienting to salient visual
stimuli in the environment.

Neuroimaging studies of saccadic control in humans
have shown consistent recruitment of a canonical sac-
cade network involving prefrontal control regions includ-
ing FEF, anterior insula, anterior cingulate cortex, inferior
frontal gyrus and presupplementary motor area as well
as subcortical regions including the basal ganglia and
cerebellum (Munoz and Wurtz 1993; Gaymard et al. 1998;
Schall 2002; Curtis et al. 2005; Ford et al. 2005; McHaffie
et al. 2005; Brown et al. 2006; Dyckman et al. 2007; Leung
and Cai 2007; Ettinger et al. 2008; Hwang et al. 2010;
Domagalik et al. 2012; Krauzlis et al. 2013; Cai, Cannis-
traci, et al. 2014a; Chen et al. 2016; Basso and May 2017;
Jarvstad and Gilchrist 2019). In contrast to distributed
brain areas identified in human functional magnetic
resonance imaging (fMRI) studies, electrophysiological
studies in nonhuman primates have targeted the FEF as a
key cortical region involved in the control and execution
of saccades (Schall and Hanes 1993; Schall et al. 1995;
Hanes et al. 1998; Everling and Munoz 2000; Curtis et al.
2005; Izawa et al. 2005; Ohayon et al. 2013). Electrophys-
iological studies in monkeys have discovered movement
and fixation neurons in the FEF that are specifically
associated with eye movement execution and inhibition
(Hanes et al. 1998; Schall 2002). The specific role of the
FEF and dynamic circuit mechanisms that guide inte-
gration of information between the FEF and other dis-
tributed brain areas implicated in voluntary control over
saccades and, crucially, their developmental maturation
is largely unknown (Supekar and Menon 2012; Chen et al.
2015; Cai et al. 2016, 2017). In particular, little is known
about the maturation of causal circuits associated with
the FEF and other prefrontal cortex regions implicated in
inhibitory control. Here we seek to advance knowledge of
the developmental maturation of dynamic causal brain
circuits involved in voluntary control over saccades with
several novel computational tools, including state-space
modeling, network science, and control theory, which has
allowed us to address critical gaps in the literature.

Our study addresses three major gaps in the literature
on the developmental maturation of dynamic functional
circuits involved in voluntary control over saccades. Our
first goal was to investigate the developmental matu-
ration of dynamic causal interactions in brain circuits
associated with voluntary control over saccades (Fig. 1;
Hwang et al. 2010). We operationalized dynamic causal
interactions as follows: A brain region has a causal influ-
ence on a target if the past history of temporal signals
predicts the target’s signal, consistent with the formu-
lation used in most dynamic causal modeling studies
(Friston et al. 2003; Roebroeck et al. 2005; Seth 2005;
Ryali et al. 2011). Specifically, we used a novel multi-
variate dynamic state-space identification (MDSI) model
(Ryali et al. 2011; Ryali, Chen et al. 2016a; Ryali, Shih,

et al. 2016b) to characterize directed causal interactions
between nodes of a canonical saccade control network
during an AS task and that during a control prosac-
cade (PS) task involving involuntary saccades to visual
targets. A previous study using Granger causal analysis
revealed that mature inhibitory control is supported by
top-down cortical–subcortical influences during saccade
processing (Hwang et al. 2010). However, Granger causal
analysis cannot accurately estimate causal interactions
as it does not take into account regional variation in
the hemodynamic response function, which can signif-
icantly impact inferences made about the direction of
causal signaling (Ryali et al. 2011). For example, a brain
region that is active early but has a slower hemodynamic
response might be observed in fMRI signals to be active
later than an area with an opposite profile (Ryali et al.
2011; Ryali, Chen et al. 2016a; Ryali, Shih, et al. 2016b).
Furthermore, Granger causal analysis cannot accurately
resolve causal influences specific to each task condi-
tion as it requires concatenating noncontinuous time
series data. Therefore, the context-specific causal cir-
cuit mechanisms and signaling hubs underlying con-
trol over saccades remain poorly understood. Our study
overcomes these methodological challenges using state-
space models that allow the estimation of unobserved
dynamics: in our case, latent signals that give rise to
the observed fMRI signals which evolve over time (Ryali
et al. 2011; Dubin and Koopman 2012; Ryali, Chen et al.
2016a; Ryali, Shih, et al. 2016b). Discrete-time state-space
models are widely used to investigate temporal dynamics
in biological time series and were first introduced to
fMRI time series analysis by our group. Our approach is
conceptually similar to dynamic causal models (Friston
et al. 2003) with two essential differences: First, MDSI is
based on well-developed methods for discrete time series
and second, it jointly estimates the strength of causal
links without having to test a large number of models. We
hypothesized that, compared with adults, children would
show immature patterns of causal interactions during
the AS, but not the PS, task.

The second goal of our study was to identify causal
signaling hubs in the saccade control network and
determine whether these hubs are immature in children.
Hubs are highly connected regions important for the
integration of activity across brain regions (Tomasi and
Volkow 2011; van den Heuvel and Sporns 2013). The
weighted directed graphs estimated by MDSI allowed
us to compute hubs from both the perspective of
outflow from, and inflow into, each node of the network
as a function of the task context. Based on extant
neurophysiological studies (Hanes et al. 1998; Moore and
Armstrong 2003), we hypothesized that the FEF would
emerge as a causal control hub in both children and
adults and that children would show significantly weaker
outflow from the FEF when compared with adults.
We contrast this profile with other prefrontal cortex
regions that regulate hierarchical cognitive control
(Badre and Nee 2018).
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Figure 1. Saccade control network and data analysis pipeline. (a) Twenty-six brain regions comprising the cortical–subcortical saccade control network
(Table 2). (b) Overview of the data analysis pipeline. Task fMRI time series were extracted and analyzed using a state-space multivariate dynamical
systems identification (MDSI) model to estimate task-specific causal interactions between network nodes during the AS and PS tasks. The resulting
directed (asymmetric) causal interactions were used to determine causal outflow and functional network controllability in each node. At the group
level, multivariate classification and ANOVA were used to assess developmental changes in causal interactions, causal outflow, and controllability
during the AS and PS tasks.

The third goal of our study was to assess functional
controllability of the saccade network and determine
whether key nodes of the saccade network are less
controllable in children as compared with adults. Our
MDSI model naturally lends itself to innovative analysis
of functional controllability, a powerful technique that

combines models of circuit dynamics to provide a metric
of the extent of influence of a set of brain nodes over
other brain nodes across changing states associated with
the PS and AS tasks. Functional controllability is a key
index of control in complex systems, which has been
applied to many disciplines of physics, engineering, and
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biology (Liu et al. 2011; Liu and Barabasi 2016; Yan et al.
2017). Control properties of complex systems can provide
novel insights into how they can be perturbed to achieve
desired behaviors (Lombardi and Hornquist 2007; Ruths
and Ruths 2014; Tang and Bassett 2018). Controllability,
in the classical sense, measures the ability to perturb
a system from a given initial state to random target
states, in finite time, by means of external control inputs.
Crucially, nodes with higher controllability require lower
energy for perturbing a system from its current state
(Leitold et al. 2017) and controllability measures are
useful for identifying driver nodes, which have the
potential to influence overall system dynamics (Liu
et al. 2011). Previous applications of control theory to
human neuroimaging were based on structural brain
connectivity derived using diffusion tensor imaging
and are ill suited for assessing cognitive context–
dependent effects in functional networks (Sojoudi and
Doyle 2014; Gu et al. 2015; Tu et al. 2018). We recently
developed a metric for functional controllability and
identified frontal cognitive control circuits that operate
asymmetrically during working memory in adults (Cai
et al. 2021). Here, we apply these recently developed
functional network controllability measures to identify,
for the first time, nodes that need the lowest energy
to perturb the saccadic control network, and to compare
functional network controllability in children and adults.
We hypothesized that functional networks would be
more difficult to control in children compared to adults,
with more energy needed for voluntary control over
saccades in children. Based on microstimulation studies
in nonhuman primates emphasizing a causal role for the
FEF in saccadic control (Schlag-Rey et al. 1992; Munoz
and Wurtz 1993; Burman and Bruce 1997; Moore and
Armstrong 2003; Moore and Fallah 2004), we further
hypothesized that functional controllability of the FEF is
weaker in children, which reflects immature voluntary
control over saccades.

To our knowledge, these methodological innovations
have never been applied to the study of functional
circuits involved in the voluntary control of saccades
and their developmental maturation. Critically, our study
advances knowledge of the developmental maturation
of dynamic causal brain circuits involved in voluntary
control over saccades with several novel computational
tools and bridges critical gaps between human and
nonhuman primate literature on functional circuitry and
developmental maturation of the FEF.

Materials and Methods
Saccade Task Dataset
Overview

The dataset used in this study was identical to the
one used in a previous study (Hwang et al. 2010). fMRI
data were preprocessed using FSL, including realign-
ment, slice-timing correction, coregistration to subjects’
structural T1 images and normalization to a 2 mm

Table 1. Participant characteristics for children and adults

Children (n = 35) Adults (n = 36)

Age (years)
Mean ± std 11.1 ± 1.4 20.8 ± 2.3
Range 8.1–13.0 19.1–28.9

Female/male 21/14 18/18
IQ 107.3 ± 9.1 111.5 ± 9.6

MNI152 template, smoothing with a 5 mm full-width
half-maximum Susan kernel, high-pass filtering, and
grand mean intensity normalization. Details of the data
acquisition protocols, fMRI preprocessing, and activation
analyses are described therein. Briefly, data from 71
healthy controls, comprising 35 children (8–13 years;
21 female) and 36 adults (19–29 years; 18 female), were
included in the study (see demographic information in
Table 1). All participants were native English speakers
with no history of neurological or psychiatric conditions
in themselves or a first-degree relative as established
by interview. All participants had normal or corrected-
to-normal vision. All participants had normal full-scale
intelligence quotients, and these did not differ between
age groups (mean IQ: children, 107.3; adults, 111.5;
p >0.05). During fMRI scanning they performed an event-
related experiment with two task conditions. In the
PS task, they were instructed to look toward a target
stimulus presented on the screen; in the AS task they
were instructed to look opposite to the location of target.
A general linear model was used to identify AS task-
related activation peaks. Activated peaks within 10 mm
radius of peaks from a theoretically defined template
were selected as regions of interest (ROIs). The final
set of ROIs consisted of 26 core cortical–subcortical
saccadic network nodes (Fig. 1a). Mean fMRI time series
of the 26 saccade network nodes were extracted from
each participant, detrended, Z-normalized, and used for
MDSI analysis to examine causal interactions among the
saccade network nodes for correctly performed trials on
the AS and PS task conditions. Corrective saccades were
not examined due to insufficient corrective saccade trials
in most participants.

fMRI Task Design

Within AS and PS task blocks, the duration of intervals
between task trials was jittered. For AS trials, participants
were instructed to look toward a point on the screen
opposite the location of a peripheral target stimulus. For
PS trials, participants were instructed to look toward the
target stimulus. Each task block (AS and PS) consisted of
12 trials, with a total of 48 AS and 48 PS trials across
runs. Each trial began with a 3 s fixation cross-hair
(subtending ∼ 0.7◦ of visual angle). The cross-hair color
could be green, cueing participants to make a prosaccade
or red for cueing an antisaccade. Each target stimulus
was a solid yellow circle, subtending approximately 0.5◦,
and was presented on the horizontal meridian at one of
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Table 2. MNI coordinates of the 26 saccadic control network ROIs for children and adults

Region MNI coordinates (children) MNI coordinates (adults)

x y z x y z

SEF 1.84 7.48 59.64 −2.53 10.35 56.06
R FEF 28.88 0.13 59.9 29.97 1.3 60.89
L FEF −28.38 −3.36 60.1 −28.34 −1.99 63.33
R IPreCS 50.14 9.62 33.95 55.53 9.54 32.74
L MFG −53.56 3.94 36.28 −39.43 15.56 44.97
R MFG 52.19 26.34 28.9 43.42 30.79 19.64
R IFG 59.63 6.83 15.01 61.8 9.07 15.88
vmPFC 12.84 37.01 −3.98 3.11 42.4 −3.23
R insula 38.91 20.61 2.8 40 20.71 3.89
L insula −36.76 20.03 0.78 −35.61 17.26 5.52
ACC 6.96 18.5 39.41 9.09 18.3 37.15
R SMG 59.83 −46.35 20.27 64.19 −44.96 23.42
L SMG −56.78 −45.18 27.75 −60.04 −48.59 25.9
R SPC 21.5 −69.65 60.21 22.56 −66.56 58.76
L SPC −16.29 −66.38 62.77 −17.41 −65.53 60.46
R IPS 34.3 −56.61 49.74 30.09 −55.79 58.69
L IPS −31.58 −51.21 53.69 −26.1 −60.45 57.87
R putamen 22.84 6.28 11.21 22.79 5.87 6.77
L putamen −21.46 8.25 11.77 −20.42 3.59 7.73
R DMT 13.2 −18.32 12.69 12.08 −18.63 9.38
L DMT −12.74 −19.58 12.14 −10.62 −18.82 8.66
SC 5.4 −31.06 −8.33 6.52 −29.68 −5.12
R Cere 37.71 −61.22 −22.7 35.55 −65.58 −23.36
L Cere −35.78 −69.34 −25.13 −32.5 −63.59 −21.27
R Visual 13.31 −85.3 8.11 13.33 −82.96 10.12
L Visual −5.04 −89.62 8.85 −2.87 −89.61 8.81

six unpredictable eccentricities (at ±3, 6 or 9◦). Fixation
periods between trials varied from 3 to 9 s (2–6 volumes).
Each task block ended with a 3 s “task end” cue indicating
that a long period of fixation would follow.

ROIs

Left hemisphere and right hemisphere regions of interest
for both groups are shown in Figure 1a, and coordinates
of each ROI are listed in Table 2. Twenty-six regions
known to be involved in oculomotor control and response
inhibition were selected based on anti-saccade task-
related activation and their well-known role in cognitive
control, as described by Hwang and colleagues (Hwang
et al. 2010). Cortical nodes consisted of the oculomotor
regions, including the supplementary eye field (SEF),
bilateral FEF, right inferior precentral sulcus (IPreCS),
bilateral IPS, bilateral superior parietal cortex (SPC), and
bilateral supramarginal gyrus (SMG); prefrontal cortical
regions implicated in cognitive control, working memory,
and response inhibition, including the bilateral middle
frontal gyrus (MFG), right inferior frontal gyrus (IFG),
bilateral insula, and anterior cingulate cortex (ACC).
Subcortical nodes consisted of bilateral basal ganglia
(putamen), bilateral dorsal medial thalamus (DMT), the
superior colliculus (SC), and the cerebellum (Cere).

MDSI Model for Estimating Causal Interactions
from fMRI Data
MDSI estimates context-dependent causal interactions
between multiple brain regions in latent quasi-neuronal

states while accounting for variations in hemodynamic
responses in these regions. MDSI has been validated
using extensive simulations (Ryali et al. 2011; Ryali, Chen
et al. 2016a; Ryali, Shih, et al. 2016b) and has been suc-
cessfully applied to our previous studies (Supekar and
Menon 2012; Chen et al. 2015; Cai et al. 2016, 2021). MDSI
models the multivariate fMRI time series by the following
state-space equations:

s(t) =
J∑

j=1

vj(t)Cjs (t − 1) + w(t) (1)

xm(t) = [sm(t) sm (t − 1) . . . .sm (t − L + 1)]′ (2)

ym(t) = bm�xm(t) + em(t) (3)

In equation (1), s(t) is a M × 1 vector of latent quasi-
neuronal signals at time t of M regions, A is an M × M
connection matrix wherein Cj is an M × M connection
matrix ensued by modulatory input vj(t)and J is the num-
ber of modulatory inputs. The nondiagonal elements of
Cj represent the coupling of brain regions in the presence
of modulatory input vj(t). Cj(m, n) denotes the strength of
causal connection from the nth region to the mth region
for the jth type stimulus. Therefore, latent signals s(t)
in M regions at time t is a bilinear function of modu-
latory inputs vj(t), corresponding to deviant or standard
stimulus and its previous state, s(t − 1). w(t) is an M × 1
state noise vector whose distribution is assumed to be
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Gaussian distributed with covariance matrix Q(w(t) ∼
N(0, Q)). Additionally, state noise vector at time instances
1,2, . . . .,T (w(1), w(2) . . . w(T)) are assumed to be identical
and independently distributed (iid). Equation (1) repre-
sents the time evolution of latent signals in M brain
regions. More specifically, the latent signals at time t, s(t),
is expressed as a linear combination of latent signals
at time t − 1, external stimulus at time t (u(t)), bilinear
combination of modulatory inputs vj(t), j = 1, 2..J and its
previous state, and state noise w(t). The latent dynamics
modeled in equation (1) gives rise to observed fMRI time
series represented by equations (2) and (3).

We model the fMRI time series in region “m” as a linear
convolution of hemodynamic response function (HRF)
and latent signal sm(t) in that region. To represent this
linear convolution model as an inner product of two
vectors, the past L values of sm(t) are stored as a vector.
xm(t) in equation (2) represents an L×1 vector with L past
values of latent signal at the mth region.

In equation (3), ym(t) is the observed blood oxygen
level-dependent (BOLD) signal at t of the mth region. �

is a p×Lmatrix whose rows contain bases for HRF. bm is a
1 × p coefficient vector representing the weights for each
basis function in explaining the observed BOLD signal
ym(t). Therefore, the HRF in mth region is represented
by the product bm�.The BOLD response in this region is
obtained by convolving HRF (bm�) with the L past values
of the region’s latent signal (xm(t)) and is represented
mathematically by the vector inner product bm� xm(t).
Uncorrelated observation noise em(t) with zero mean
and variance σ 2

mis then added to generate the observed
signal ym(t). em(t) is also assumed to be uncorrelated with
w(τ ),at all t and τ . Equation (3) represents the linear
convolution between the embedded latent signal xm(t)
and the basis vectors for HRF. Here, we use the canonical
HRF and its time derivative as bases as is common in
most fMRI studies.

Equations (1)–(3) together represent a state-space
model for estimating the causal interactions in latent
signals based on the observed multivariate fMRI time
series. Furthermore, the MDSI model also takes into
account variations in HRF as well as the influences of
modulatory and external stimuli in estimating causal
interactions between the brain regions.

Estimating causal interactions between M regions
specified in the model is equivalent to estimating the
parameters Cj, j = 1, 2..J. In order to estimate Cjs, the

other unknown parameters Q, {bm}M
m=1 and {σ 2

m}M
m=1 and

the latent signal {s(t)}T
t=1 based on the observations{

ys
m(t)

}M,S

m=1,s=1
, t = 1, 2..T, where T is the total number

of time samples and S is number of subjects, need to be
estimated. We use a variational Bayes approach (VB) for
estimating the posterior probabilities of the unknown
parameters of the MDSI model given fMRI time series
observations for S number of subjects.

State-Space Analysis of Dynamic Causal
Interactions
Extensive computer simulations on previously published
benchmark datasets, as well as more realistic neurophys-
iological models, have demonstrated that MDSI can accu-
rately estimate dynamic causal interactions in fMRI data
(Ryali et al. 2011; Ryali, Chen et al. 2016a; Ryali, Shih, et al.
2016b). To prepare data for MDSI analysis, the fMRI time
series from each ROI and participant were first linearly
detrended and then normalized by its standard deviation.
For all ROIs, time series were extracted using the MarsBar
toolbox in SPM8. Spherical ROIs were defined as the sets
of voxels contained in 6 mm (diameter) spheres centered
on the MNI coordinates of each ROI. MDSI was applied
to estimate directed causal interactions among 26 nodes
separately in the AS and PS tasks.

Graph-Theoretical Analysis
To characterize the causal network interactions gener-
ated by MDSI, we evaluated net causal influences of each
saccade network node and determined causal outflow
from each node during the AS and PS tasks in each par-
ticipant. Specifically, we computed the outflow degree of
each node in each task and participant by subtracting
averaged inflow weights (all the input connections to
a node from all other nodes) from averaged outflow
weights (all the output connections from a node to all
other nodes).

Network Controllability
Dynamic control processes related to functional brain
network organization are modeled as a linear, discrete,
time invariant systems of the form

x
(
k + 1

) = A x(k) + Bu(k),

where x denotes the state vector, A is the weighted
task-specific connectivity matrix estimated by MDSI,
with elements of the matrix A describing connectivity
between various nodes of the network, and u denotes
the control inputs. The input matrix B identifies control
nodes or regions in the brain. Controllability here refers
to the ability of the system to transfer from a given
initial state to any target state, in finite time, by means
of an external control input. In the context of brain
networks, it means the ability to drive the brain to
specific states that facilitate adaptive behaviors and
cognition.

Classical results from control theory suggest that
a system is controllable if and only if there exists a
unique positive definite solution W to the Lyapunov
equation:

AW + WA′ + BB′ = 0

.
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In particular the unique positive solution takes the
form

W =
∞∑

τ=0

Aτ BB′(A′)τ

This positive definite matrix W is often referred to
as the controllability Grammian. In addition to verifying
whether the system is controllable or not, the Grammian
can be used to assign a value to each node, or a set
of nodes (or community modules), which quantifies the
influence of each node/module over the entire network.

Multivariate Classification Analysis of Dynamic
Causal Interactions Between Groups and
Between Tasks
To determine whether causal networks associated with
the AS and PS tasks differ between children and adults
during each task, we used the causal network patterns
in the two groups. The dynamic causal interaction
patterns—MDSI weights of 325 pairs of anatomical
regions—were used as the input (features) to a linear
logistic regression classifier. The classifier distinguishes
the children AS from adult AS tasks by fitting a
separating hyperplane between the classes. K-fold cross-
validation (K = 10) was used to measure the performance
of the classifier in distinguishing children AS and
adult AS tasks. In K-fold, 1-fold is used for testing the
classifier that is trained using the remaining K − 1
folds. This process is repeated K times. The entire K-
fold cross-validation procedure was repeated 20 times.
These analyses were performed using the scikit-learn
package (https://scikit-learn.org/), which is a Python-
based package for machine learning. Permutation tests
(200 permutations of class labels) were conducted to
arrive at P values associated with classification accuracy.
Similar procedures were used to determine whether
networks associated with the PS task differ between
children and adults.

To examine whether causal networks associated with
the AS and PS tasks differ in each group, we applied the
aforementioned analysis to the MDSI-estimated causal
networks during AS and PS tasks for each group.

Multivariate Classification Analysis of Regional
Causal Outflow Between Groups and Between
Tasks
Similarly, we applied the aforementioned analysis to
causal outflow patterns to examine whether causal
outflow associated with the AS and PS tasks differ
between children and adults during each task and differ
between the AS and PS tasks in each group.

Multivariate Classification Analysis of Network
Controllability Between Groups and Between
Tasks
Finally, we applied the aforementioned analysis to net-
work controllability patterns to examine whether con-
trollability associated with the AS and PS tasks differ

between children and adults during each task and differ
between the AS and PS tasks in each group.

Statistical Analysis
To examine how task performance was modulated by
group and task, we performed a two-way mixed mea-
sures analysis of variance (ANOVA) on accuracy and
latency separately, with the between-subject factor group
(children vs adults) and the within-subject factor task
(AS vs PS). Upon significant group by task interaction,
post-hoc paired t-tests and two-sample t-tests were per-
formed.

To identify causal outflow and inflow hubs, we per-
formed a one-sample t-test on causal outflow for each
node and results were FDR corrected. In order to examine
how outflow and inflow hubs were modulated by group
and task, for each hub region we performed a two-way
mixed measures ANOVA with the between-subject factor
group and within-subject factor task. Upon significant
group by task interaction, post-hoc paired t-tests and
two-sample t-tests were performed.

To examine how network controllability was modu-
lated by group and task across nodes, we performed a
three-way ANOVA with the between-subject factor group
and within-subject factors task and node for controlla-
bility. Upon significant group by task interaction, post-
hoc paired t-tests and two-sample t-tests were performed
for each node and results were FDR corrected. Two-
way ANOVAs on controllability with the between-subject
factor group and within-subject factor task were also
performed for outflow hub regions, and post-hoc paired
t-tests and two-sample t-tests were performed upon sig-
nificant group by task interaction.

Results
Behavioral Performance in Children Compared to
Adults
A two-way mixed measures analysis of variance (ANOVA)
on performance accuracy with the between-subject fac-
tor group (children vs. adults) and within-subject factor
task (AS vs. PS) revealed a significant interaction between
group and task (F1,69 = 45.44, P <0.001, Eta-squared = 0.24)
and main effects of group (F1,69 = 53.15, P <0.001, Eta-
squared = 0.28) and task (F1,69 = 319.92, P <0.001, Eta-
squared = 0.70). Post-hoc paired t-tests revealed that
performance accuracy was significantly lower for the
AS task compared to the PS task in both children (AS:
45 ± 17%; PS: 96 ± 5%; t34 = −16.31, P < 0.001, Cohen’s
d = 2.76) and adults (AS: 74 ± 17%; PS: 97 ± 3%; t35 = −8.58,
P < 0.001, Cohen’s d = 1.43; Supplementary Fig. 1). Post-
hoc two-sample t-tests revealed that, in comparison to
adults, children had significantly lower accuracy for the
AS (t69 = −7.22, P < 0.001, Cohen’s d = 1.71) but not the PS
task (t69 = −1.45, P = 0.15; Supplementary Fig. 1).

A two-way mixed measures ANOVA on mean saccade
latencies with the factors group and task revealed
no significant interaction between group and task
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(F1,69 = 0.05, P = 0.82) but significant main effects of
group (F1,69 = 6.07, P = 0.016, Eta-squared = 0.06) and task
(F1,69 = 291.44, P <0.001, Eta-squared = 0.55). Post-hoc
paired t-tests revealed that latency was significantly
longer for the AS task compared to the PS task in both
children (AS: 517 ± 91 ms; PS: 389 ± 41 ms; t34 = 10.21,
P <0.001, Cohen’s d = 1.73) and adults (AS: 486 ± 55 ms;
PS: 361 ± 29 ms; t35 = 15.55, P <0.001, Cohen’s d = 2.59;
Supplementary Fig. 1). Post-hoc two-sample t-tests
revealed that, in comparison to adults, children had
significantly longer latency for the PS (t69 = 3.24, P = 0.002,
Cohen’s d = 0.77) but not the AS task (t69 = 1.73, P = 0.09;
Supplementary Fig. 1).

These results suggest that both children and adults
show better task performance (higher accuracy and
shorter latency) during the PS, compared to the AS, task
and that children show lower levels of accuracy than
adults in the AS but not the PS task.

Differentiation of Dynamic Causal Circuit
Patterns Between Children and Adults
We assessed dynamic causal interactions in a saccade
control network known to be consistently implicated
in a variety of oculomotor control tasks (Curtis et al.
2005; Ford et al. 2005; Ettinger et al. 2008; Cai, Can-
nistraci, et al. 2014a). Twenty-six regions known to be
involved in oculomotor control, response inhibition,
and cognitive control were chosen based on procedures
described previously (Hwang et al. 2010; Fig. 1a). We first
investigated whether multivariate patterns of causal
interactions differed between children and adults in the
AS and PS tasks (Fig. 2). A logistic regression classifier
revealed significant developmental differences between
causal interaction patterns engaged in both the AS
(accuracy = 74.9%; P <0.005, permutation test; Fig. 2a) and
PS (accuracy = 80.3%; P <0.005, permutation test; Fig. 2b)
tasks (Supplementary Table 1).

These results suggest that children engage different
patterns of causal circuits during performance of the AS
and PS tasks, when compared to adults.

Saccade-Related Causal Outflow and Inflow
Hubs in Children and Adults
We then sought to identify causal signaling hubs during
the AS and PS tasks in children and, separately, in adults.
We evaluated net causal influences of each saccade net-
work node and determined the net causal outflow from
each node during the AS and PS tasks in each participant.
Specifically, we computed the outflow degree of each
node in each task and participant by subtracting aver-
aged inflow weights (all the input connections to a node
from all other nodes) from averaged outflow weights (all
the output connections from a node to all other nodes).

In children, we found that prefrontal cortex regions
including bilateral FEF, right inferior precentral sulcus,
and anterior cingulate cortex (ACC), as well as parietal
regions including left supramarginal gyrus, showed sig-
nificant positive outflow (P <0.05, FDR corrected; Fig. 3a)

during the AS task, with the ACC and FEF showing the
highest outflow degree (P <0.001, FDR corrected). Sim-
ilarly, prefrontal cortex regions including bilateral FEF,
left middle frontal gyrus, and anterior cingulate cortex,
as well as parietal regions including left supramarginal
gyrus, showed significant positive outflow (P <0.05, FDR
corrected; Fig. 3b) during the PS task, with the left FEF
showing the highest outflow degree (P < 0.001, FDR cor-
rected). In adults, we found that frontal regions including
the left and right FEF showed significant positive outflow
(P < 0.05, FDR corrected) during both the AS (Fig. 3a) and
PS (Fig. 3b) tasks, with the left FEF showing the high-
est outflow degree (AS: P < 0.0001, FDR corrected; PS:
P < 0.002, FDR corrected).

In children, we found that the bilateral cerebellum and
right superior parietal cortex showed significant inflow
(P < 0.05, FDR corrected) during both the AS (Fig. 3a) and
PS (Fig. 3b) tasks, with the cerebellum showing the high-
est inflow degree (P < 0.0001, FDR corrected). In adults,
we found that the bilateral cerebellum, left visual area,
right dorsomedial thalamus, and right SPC showed sig-
nificant inflow (P < 0.05, FDR corrected) during both the
AS (Fig. 3a) and PS (Fig. 3b) tasks with the right cerebel-
lum showing the highest inflow degree (P < 0.0001, FDR
corrected).

These results suggest that FEF is a causal outflow hub
and cerebellum is a causal inflow hub in the saccade
control network during the AS and PS tasks in both
children and adults.

Differentiation of Causal Outflow and Inflow
Patterns Between Children and Adults
Next, we examined whether multivariate patterns of
causal outflow and inflow differed between children and
adults in the AS and PS tasks. We found that children and
adults showed significant differences between regional
causal outflow and inflow patterns engaged during the
AS (accuracy = 62.3%; P = 0.025, permutation test; Fig. 3a)
and PS (accuracy = 62.5%; P = 0.002, permutation test;
Fig. 3b) tasks (Supplementary Table 1).

Additionally, we examined whether multivariate pat-
terns of causal outflow and inflow differed between the
AS and PS tasks in each group. We found that chil-
dren showed significant differences between causal out-
flow and inflow patterns engaged during the AS and
PS tasks (accuracy = 62.9%; P = 0.01, permutation test),
which stands in contrast to adults who showed no dif-
ferentiation between the AS and PS causal outflow and
inflow patterns (accuracy = 57.0%; P = 0.13, permutation
test) (Supplementary Table 1).

These results suggest that the regional causal out-
flow and inflow patterns associated with the AS and PS
tasks undergo significant developmental changes from
childhood to adulthood and that, unlike adults, children
engage different patterns of regional causal outflow and
inflow between the two tasks.
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Figure 2. Causal network interactions during both AS and PS tasks are immature in children. Significant directed causal influences between saccade
network nodes in children and adults during (a) the AS task and (b) the PS task (P < 0.05, FDR corrected). Accuracy of multivariate classification between
groups for each task are shown in bar plots. Red cells in the matrices indicate significant positive influences, and blue indicates significant negative
influences. Bar plots on the top of each matrix indicate the strength of causal outflow in each ROI and that on the right of each matrix indicate the
strength of causal inflow in each ROI. ∗∗P <0.01.

Task-Dependent FEF Network Outflow in
Children Compared to Adults
Because the FEF emerged as a causal outflow hub in
the saccade network, we then specifically examined
whether its task-dependent network outflow differed
between children and adults. We conducted an ANOVA
with between-subject factor group (children vs. adults)
and within-subject factor task (AS vs. PS) for outflow of
the left and right FEF separately.

In the left FEF, we found a significant group × task
interaction (F1,69 = 6.45, P = 0.013, Eta-squared = 0.016).
Paired t-tests revealed a higher outflow in the left FEF
during the AS than the PS tasks (t35 = 2.24, P = 0.03,
Cohen’s d = 0.37) in adults. No such effect was found
in children (t34 = −1.40, P = 0.17). Two-sample t-tests
revealed that outflow in the left FEF was weaker in
children than adults during the AS (t69 = −2.04, P = 0.04,
Cohen’s d = 0.49) but not the PS task (t69 = 0.19, P = 0.85;
Fig. 4a; Supplementary Table 2). A similar analysis in the
right FEF found no group effect (F1,69 = 1.20, P = 0.28),

task effect (F1,69 = 1.84, P = 0.18), or their interaction
(F1,69 = 0.02, P = 0.90) for outflow.

These results suggest that children show lower out-
flow than adults in the left FEF and that the outflow
is less differentiated in children between the AS and PS
tasks.

Task-Dependent Cerebellum Network Inflow in
Children Compared with Adults
Because the cerebellum emerged as a causal inflow
hub in the saccade network, we then specifically
examined whether its task-dependent network inflow
differed between children and adults. We conducted
an ANOVA with between-subject factor group (chil-
dren vs. adults) and within-subject factor task (AS
vs. PS) for inflow of the left and right cerebellum
separately.

We found a significant main effect of group (F1,68 = 6.61,
P = 0.012, Eta-squared = 0.071), with higher inflow in
children than adults in the left cerebellum (Fig. 4b;
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Figure 3. Causal outflow hub in FEF and immature causal signaling in children. FEF are a causal signaling hub in both children and adults during the (a)
AS and (b) PS tasks. In contrast, the cerebellum emerged as a causal inflow (i.e., negative outflow) hub during both the AS and PS tasks in children and
adults. Other brain areas that showed statistically significant outflow and inflow are also shown (∗P <0.05, FDR corrected). Causal signaling patterns
differed significantly between children and adults in both the AS and PS tasks as revealed by multivariate classification analysis. Error bar indicates
standard error of the mean. ∗ and ∗∗P <0.05 and P <0.01, respectively.

Supplementary Table 2). No main effect of Task (F1,68 = 3.15,
P = 0.08) or group × task interaction (F1,68 = 1.15, P = 0.29)
were found. A similar analysis in the right cerebellum
did not reveal a main effect of group (F1,67 = 1.80, P = 0.18)
or group × task interaction (F1,67 = 3.10, P = 0.08).

These results suggest that children show higher inflow
than adults in the left cerebellum during both the AS and
PS tasks.

Differentiation of Network Controllability
Patterns Between Children and Adults
Next, we examined whether multivariate patterns
of functional network controllability associated with
the AS and PS tasks differed between children and
adults in the AS and PS tasks. We found that children
and adults showed significant differences between
multivariate patterns of controllability engaged during
the AS (accuracy = 62.2%, P = 0.01, permutation test) and
PS tasks (accuracy = 58.8%; P = 0.025, permutation test)
(Supplementary Fig. 2; Supplementary Table 1).

Additionally, we examined whether multivariate
patterns of network controllability differed between the
AS and PS tasks in each group. We found that children
showed significant differences between controllability

patterns engaged during the AS and PS tasks (accu-
racy = 77.1%; P <0.002, permutation test). In contrast,
adults showed no differentiation between the AS and
PS controllability patterns (accuracy = 48.6%; P = 0.67,
permutation test) (Supplementary Table 1).

To further clarify group differences in functional net-
work controllability, we conducted a three-way ANOVA
with the within-subject factors task and node and the
between-subject factor group for controllability. While
the three-way interaction between group, task, and node
was not significant (F25,1725 = 0.84, P = 0.54), we identified a
significant group × task interaction (F1,69 = 7.25, P = 0.009,
Eta-squared = 0.03) across nodes. Further two-sample t-
tests revealed a significantly lower network controllabil-
ity in children than adults in the AS task (p <0.05, FDR
corrected) in all nodes (Supplementary Fig. 2a). No group
differences were found in individual nodes during the
PS task (Supplementary Fig. 2b). Additionally, paired t-
tests revealed a significantly lower network controllabil-
ity during the AS than the PS tasks in children (P <0.05,
FDR corrected) whereas no task differences were found
in adults (Supplementary Figs 2 and 3).

These results suggest that functional network control-
lability is weaker in children compared with adults and
is particularly impaired in the AS task.
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Figure 4. Immature outflow and inflow hubs in children. (a) Weak FEF causal outflow hub in children. Children show lower causal outflow from the FEF
during the AS task compared with adults. They also show less differentiated outflow between the AS and PS tasks compared with adults. (b) Enhanced
causal inflow hub in the cerebellum in children. Children show higher inflow during both AS and PS tasks when compared with adults. Error bar
indicates standard error of the mean.

Task-Dependent FEF Network Controllability in
Children Compared with Adults
Given that the FEF emerged as a causal outflow hub in
the saccade network, we further examined whether its
task-dependent network controllability differed between
children and adults. We conducted an ANOVA with the
between-subject factor group (children vs adults) and the
within-subject factor task (AS vs. PS) of the left and right
FEF separately.

In the left FEF, we found a significant group × task
interaction (F1,65 = 19.74, P <0.001, Eta-squared = 0.051).
Paired t-tests revealed a weaker controllability in the left
FEF during the AS than the PS tasks (t31 = −6.88, P < 0.001,
Cohen’s d = 1.22) in children. No such effect was found in
adults (t31 = −1.73, P = 0.09). Two-sample t-tests revealed
that controllability in the left FEF was weaker in children
than adults during the AS (t65 = −2.17, P = 0.03, Cohen’s
d = 0.53) but not the PS task (t65 = 1.68, P = 0.10) (Fig. 5;
Supplementary Table 3).

In the right FEF, we found a significant group × task
interaction (F1,65 = 18.09, P <0.001, Eta-squared = 0.045).
Paired t-tests revealed a weaker controllability in the
right FEF during the AS than the PS tasks (t31 = −7.00,
P <0.001, Cohen’s d = 1.24) in children. No such effect was
found in adults (t31 = −1.82, P = 0.08). Two-sample t-tests
revealed that controllability in the right FEF were weaker
in children than adults during the AS (t65 = −2.08, P = 0.04,
Cohen’s d = 0.51) but not the PS task (t65 = 1.56, P = 0.12)
(Fig. 5; Supplementary Table 3).

These results confirm that network controllability
from the FEF associated with the AS task is immature
in children.

Discussion
We used several novel computational tools to uncover
causal signaling mechanisms underlying the develop-
mental maturation of brain circuits involved in volun-
tary control over saccadic eye movements. Our analysis

focused on a canonical distributed cortical–subcortical
network of brain areas important for inhibitory control
of eye movements. This network included prefrontal and
parietal cortical regions implicated in cognitive control,
and subcortical basal ganglia, thalamus, SC, and cere-
bellar regions involved in gating and oculomotor control
(Pierrot-Deseilligny et al. 2004; Schall and Boucher 2007).
We used multivariate dynamical state-space identifica-
tion (MDSI) to evaluate the maturation of network prop-
erties including causal signaling hubs. Network anal-
ysis revealed significant age-related changes between
childhood and adulthood in directed causal influences
and causal outflow hubs in the saccade control net-
work. The FEF emerged as a causal outflow hub in both
children and adults during both the AS and PS tasks,
and outflow from the FEF was significantly weaker in
children, compared with adults, during voluntary control
over saccades. Our analysis further revealed inflow hubs
in bilateral cerebellum in both the AS and PS tasks. Sur-
prisingly, inflow into the lateral superior cerebellum was
significantly higher in children compared with adults.
Control-theoretic analyses revealed that saccade net-
work is less controllable in children from the FEF sug-
gesting that greater energy is required to drive frontal
eye field dynamics in children compared to adults. Our
findings provide novel evidence that immature causal
signaling hubs and controllability of the FEF contributes
to developmental maturation of voluntary control over
saccades.

Causal Network Interactions During Both AS and
PS tasks Are Immature in Children
The first goal of our study was to determine whether
children engage an adult-like causal signaling mecha-
nism during voluntary control of eye movements. MDSI
models allowed us to investigate latent context-specific
dynamic causal mechanisms underlying control of sac-
cades in children and adults for the first time. MDSI
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Figure 5. Weak controllability of FEF in children. Children show weak controllability in both the left and right FEF during the AS task. They also show
weaker controllability in the AS compared with the PS task in contrast to adults who showed no differences between the AS and PS tasks. Error bar
indicates standard error of the mean.

jointly estimated causal circuit interactions between all
nodes of the saccade control networks and has several
advantages for estimating context-specific causal inter-
actions in latent neuronal space (Ryali et al. 2011; Ryali,
Chen et al. 2016a; Ryali, Shih, et al. 2016b). Crucially,
MDSI is a latent state space dynamic systems model
that estimates task-specific causal interactions with-
out the confounding influences of variation in hemody-
namic response function across brain regions. Further-
more, MDSI does not require testing a large number of
prespecified models, which is especially problematic as
the number of the models to be tested increases expo-
nentially with the number of nodes (26 in the present
study). Our analysis revealed that children and adults
differ significantly in the pattern of causal signaling
elicited by the AS task. Surprisingly, causal interaction
patterns also distinguished children from adults in the
PS task, demonstrating that the cortical–subcortical sac-
cade control network is immature during both volun-
tary and involuntary control of saccades in childhood.
Weaker causal interaction in the AS, relative to PS (Fig. 2),
task condition reflects immature modulation of the sac-
cade network in response to the high demands of vol-
untary control over saccades in children. We will next
unpack key mechanisms of causal signaling underlying
age-related maturation of this network.

Immature Differentiation of Directed Causal
Outflow Between AS and PS Tasks in Children
Next, extending network-level analysis we examined
node-level measures of net directed causal outflow
patterns associated with each brain region in the
cortical–subcortical saccade control network. We used
MDSI-derived measures of the full directed (asymmetric)
connectivity matrix to determine the net causal outflow
of each node measured as the difference between

outflow versus inflow weights (Sridharan et al. 2008;
Supekar and Menon 2012; Chen et al. 2015; Cai et al.
2016, 2021). A node with a high net causal outflow
indicates that a brain region exerts greater causal
influence on other nodes than other nodes exert on
it whereas a high negative value indicates the reverse.
Multivariate classification analysis revealed that causal
outflow differed significantly in both the AS and PS tasks
between children and adults. Crucially, causal outflow
patterns differed significantly between the AS and PS
tasks in children but not in adults. Results demonstrate
that net causal outflow patterns are immature in
children during both voluntary and involuntary control
of saccades. Furthermore, results also reveal immature
differentiation of directed causal outflow between
voluntary and involuntary saccades in children. Together,
these findings identify immature causal control over
saccades in children.

Weak Outflow from the FEF During AS Task in
Children
Our second major goal was to identify causal signaling
hubs associated with the saccade control network and
probe their maturation. Extending our analysis of imma-
ture differentiation in children, we first determined brain
areas which play a dominant causal role in signaling
within the saccade network. Our analysis revealed that,
in both children and adults, the FEF is a common causal
outflow hub during performance of the AS and PS tasks
and provides novel evidence for a key role for this region
in the developmental maturation of voluntary control
over saccades.

Crucially, analysis of developmental, age-related
changes revealed that the FEF was modulated by
cognitive demands associated with voluntary control
over saccades. Causal signaling from the FEF was

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/advance-article/doi/10.1093/cercor/bhab514/6517438 by Stanford U

niversity Libraries user on 11 July 2022



Maturation of Causal Signaling Hubs Zhang et al. | 13

significantly weaker in children during the AS but not the
PS task. Whereas adults showed higher causal outflow
from the FEF during the AS than the PS task, no such task-
related modulation was observed in children. Although
our findings suggest that the FEF is already established as
a causal hub by age 12, the strength of causal signaling
from this region continues to mature into adulthood.
Together, these results highlight the crucial role of FEF
in inhibitory control over saccades and its immature
network function in children.

Although the FEF is a key cortical region involved in
control and execution of saccades (Schall and Hanes
1993; Schall et al. 1995; Hanes et al. 1998; Everling and
Munoz 2000; Curtis et al. 2005; Izawa et al. 2005; Ohayon
et al. 2013), its role in voluntary control of saccades has
received less attention in human neuroimaging studies
when compared to electrophysiological studies in non-
human primates and its functional role and maturation
is poorly understood in the context of human cognitive
development. Electrophysiological studies in monkeys
have suggested that the FEF is involved in two processes
that are needed for the AS task: suppression of the
automatic involuntary eye movements and inversion of
the response into the correct saccade vector (Everling
and Munoz 2000; Munoz and Everling 2004). In monkeys
performing the AS task, saccade-responsive neurons in
the FEF are inhibited before the target appears in order
to suppress the automatic saccades and prevent activity
in these neurons from crossing a threshold that would
allow a saccade in the direction of the stimulus to be
initiated (Munoz and Everling 2004). Furthermore, elec-
trophysiological studies in monkeys have revealed that
the FEF also plays a key role in vector inversion of saccade
direction (Sato and Schall 2003; Basu et al. 2021). We
suggest that both these saccade control processes may
be immature in children.

In humans, it is surmised that multiple other pre-
frontal cortex regions, notably the right IFG, which imple-
ments response inhibition (Aron et al. 2014; Cai, Ryali,
et al. 2014b; Cai et al. 2017) and lateral PFC regions that
encode task rules (Badre and Nee 2018), are alternate
candidate causal signaling hubs. However, this was not
the case as the FEF emerged as a dominant causal sig-
naling hub in both adults and children. It is interesting
to consider this finding in relation to other response
inhibition paradigms, such as stop-signal and go/no-go
tasks. Unlike stop-signal or no-go stimuli, antisaccade
trials are cued before the onset of target visual stimuli.
In the current study, the AS and PS tasks were blocked
and an instruction (either “Start LOOK-AWAY game” for
AS blocks, or “Start LOOK-TOWARD game” for PS blocks)
was presented in the beginning of each block (Hwang
et al. 2010). Participants therefore needed to initiate sac-
cadic suppression before the appearance of the target
to which a vector inversion of saccades needed to be
executed and a more mature system would be better
capable of implementing a proactive control strategy to
suppress reflexive saccades. In contrast, inhibition in the

stop-signal or the go/no-go tasks is triggered by the onset
of uncued stop and no-go signals and therefore likely
relies on more “bottom-up” reactive control processes
generally associated with the fronto-insular cortex (Cai,
Ryali, et al. 2014b; Cai et al. 2017, 2019). These distinctive
characteristics of the AS task may help explain the key
role of the FEF detected in the present study. Thus, our
results suggest that the FEF is a causal hub in the cor-
tical–subcortical oculomotor network that proactively
suppresses and then drives other oculomotor control
regions to trigger anti-saccade eye movements when
appropriate (Keller et al. 2008; Peel et al. 2017; Mirpour
et al. 2018). The greater causal network outflow from the
FEF in adults is consistent with its role in generation of
vector inversion, and is likely a key neural mechanism
underlying immature voluntary control over saccades in
children.

Immature Inflow into the Cerebellum in Children
During Antisaccades and Prosaccades
Our analysis also revealed inflow hubs in bilateral
superior lateral cerebellum (Crus I) in both AS and
PS tasks in children as well as adults. The cerebellum
plays a crucial role in guiding smooth eye pursuit
and is involved in saccade generation, adaptation,
and correction (Girard and Berthoz 2005; Thier and
Markanday 2019). It receives input about visual target
and eye position information to make appropriate
adjustments or corrections (Schweighofer et al. 1996).
Indeed, lesions to the cerebellum are associated with
failure in saccade adaptation and increased variability
of saccade amplitude (Waespe and Baumgartner 1992;
Straube et al. 2001). The higher inflow degree observed
in both children and adults is consistent with its
hypothesized role in fine tuning eye movements based
on feedback signals from attentional, sensory, and
oculomotor systems (Sokolov et al. 2017; Stephen et al.
2018; Stoodley and Schmahmann 2018; King et al. 2019).

Surprisingly, causal signaling into the cerebellum was
higher in children compared with adults. Furthermore,
unlike the FEF, there was no main effect of task (AS vs. PS)
or group × task interaction in the cerebellum indicating
that the effects are not specific to voluntary control
over saccades but were common to both voluntary and
involuntary saccades. Thus, our results point to greater
inflow to the cerebellum required for both maintain-
ing and altering saccades in children. The cerebellum
receives signals from multiple cortical and subcortical
regions and acts as a “comparator” between planned and
actual movement (Stein and Glickstein 1992; Flament
and Ebner 1996). The higher inflow degree observed in
children suggests that stronger signals from attentional,
sensory, and oculomotor systems may be required to
maintain amplitude of saccades, hold gaze patterns and
avoid choppy pursuits, which are typically considered
hallmarks of cerebellar oculomotor function (Leigh and
Zee 2015; Salman and Tsai 2016). Further studies are
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needed to investigate the precise mechanisms underly-
ing greater top-town cortical–subcortical influence on
the cerebellum in children and how this leads to matu-
ration of oculomotor function and control over saccades
from childhood to adulthood.

Weak Controllability of Causal Saccade Networks
in Children
The third goal of our study was to determine whether
the saccadic network is equally controllable by external
inputs in children, when compared to adults. Specifically,
we used average controllability, measured as the trace of
controllability Grammian Wt, as our quantitative metric
for controllability (Pasqualetti et al. 2014). In the con-
text of functional brain networks, average controllability
quantifies the influence of each node or module over
the entire network, with higher controllability reflecting
lower average control energy needed to drive networks
from a given node or a set of nodes. Our novel approach
here examines cognitive context-dependent controlla-
bility and emphasizes the importance of causal system
dynamics in saccadic control (Sojoudi and Doyle 2014;
Gates and Rocha 2016). We found a significant task effect
on maturation of network controllability. Specifically, the
saccade network was less controllable in children during
the AS, compared with the PS task, which was in contrast
to adults who show equal levels of network controlla-
bility in the AS and PS tasks (P <0.05, FDR corrected).
Children also showed significantly lower network con-
trollability in all saccade network nodes in the AS task
compared with adults. These results suggest that higher
input energy (Cai et al. 2021) is required to modulate the
saccade network during voluntary control of saccades,
relative to execution of involuntary saccades in children
but not adults.

Notably, given the crucial role of the FEF as a key
cortical node in saccade control in humans and non-
human primates (Schall and Hanes 1993; Schall et al.
1995; Hanes et al. 1998; Everling and Munoz 2000; Curtis
et al. 2005; Izawa et al. 2005; Ohayon et al. 2013), and
its identification as a causal outflow hub in the present
study, we specifically examined whether functional con-
trollability of the FEF was immature in children. Our
analysis revealed a significant group by task interaction
with lower controllability in the AS, but not the PS, task.
Notably, children showed dramatically lower controlla-
bility of the FEF during the AS task. This result demon-
strates that greater energy is required to drive children’s
saccade network from the FEF during voluntary control
over saccades.

Our findings have implications for how manipula-
tions of the FEF may impact distributed brain circuits
involved in the control of saccades. Research in nonhu-
man primates has emphasized a causal role for the FEF
in saccadic control and visual perception and attention
systems (Moore and Zirnsak 2017). Microstimulation of
the FEF activates SC neurons (Schlag-Rey et al. 1992)
resulting in initiation or suppression of saccadic eye

movements (Schlag-Rey et al. 1992; Munoz and Wurtz
1993; Burman and Bruce 1997). FEF microsimulation has
also been shown to result in direct changes in primary
visual cortex neural activity (Moore and Armstrong 2003;
Moore and Fallah 2004). Reversible inactivation of the
FEF reduces neuronal activity in the SC (Veniero et al.
2021) and interferes with generation of saccades (Som-
mer and Tehovnik 1997; Dias and Segraves 1999). In
humans, single-pulse transcranial magnetic stimulation
over the FEF increases neural excitability in multiple
visual cortical areas and modulates visual perception
(Veniero et al. 2021). Our findings of lower controllability
of the FEF in children suggests that stimulation of this
region may have less influence on multiple distributed
cortical and subcortical regions involved in saccadic con-
trol and spatial attention. Together, results demonstrate
that network controllability is immature in children and
further highlight novel mechanisms of immature net-
work function associated with voluntary control over eye
movements. Further studies with causal circuit manip-
ulation techniques such as transcranial magnetic stim-
ulation are needed to determine whether changes to
FEF excitability alters top-down control over saccades
similarly in children and adults.

Conclusion
State-space modeling and network analysis uncovered
mechanisms underlying the operation of a core cortical–
subcortical saccadic control network in children and
adults and revealed multiple aspects of causal circuit
dysfunction in children. We identified causal outflow
and inflow hubs reflecting asymmetries in how canon-
ical saccadic control network operates during voluntary
control of saccades. Control-theoretic measures revealed
a significant role for the FEF in influencing other nodes
in the saccade network and driving network dynamics.
Importantly, we found that the maturation of volun-
tary control over saccades from childhood to adulthood
is associated with the strengthening of causal signal-
ing hubs and functional controllability of the FEF. More
broadly, our computational approach drawing on state-
space modeling, network science, and control theory pro-
vides new tools for probing the maturation of cognitive
and inhibitory control in the human brain and their
dysfunction in neurodevelopmental disorders.
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Supplementary material can be found at Cerebral Cortex
online.
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