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function cross-sectionally and longitudinally. Diffu-
sion-weighted imaging and neuropsychological test-
ing were conducted at two time points (Time 1: ages 
56 to 66, N = 172; Time 2: ages 61 to 70, N = 267) in 
community-dwelling men from the Vietnam Era Twin 
Study of Aging. An executive function factor score 
was computed from six neuropsychological tasks. 
Structural networks constructed from white matter 
connectivity were used to estimate modal controlla-
bility in control network and multiple demand sys-
tem. We showed that higher modal controllability 
in control network and multiple demand system was 
associated with better executive function at Time 2, 
after controlling for age, young adult general cogni-
tive ability, and physical health status. Moreover, 
changes in executive function over a period of 5 to 
6  years (Time 1-Time 2, N = 105) were associated 

Abstract Executive function encompasses effort-
ful cognitive processes that are particularly suscep-
tible to aging. Functional brain networks supporting 
executive function—such as the frontoparietal con-
trol network and the multiple demand system—have 
been extensively investigated. However, it remains 
unclear how structural networks facilitate and con-
strain the dynamics of functional networks to con-
tribute to aging-related executive function declines. 
We examined whether changes in structural network 
modal controllability—a network’s ability to facilitate 
effortful brain state transitions that support cognitive 
functions—are associated with changes in executive 
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with changes in modal controllability of the multiple 
demand system and weakly in the control network 
over the same time period. These findings suggest 
that changes in the ability of structural brain networks 
in facilitating effortful brain state transitions may be a 
key neural mechanism underlying aging-related exec-
utive function declines and cognitive aging.

Keywords Executive function · Cognitive aging · 
Structural network · Controllability

Introduction

Executive functions encompass top-down cognitive 
processes necessary for goal-directed behavior and 
flexible adaptation to everyday life [1, 2]. Carrying 
out executive functions is fundamentally effortful, as 
it engages processes needed when “going on auto-
matic or relying on instinct” would be insufficient 
to meet the current goals or demands [1]. It is well 
known that these functions are susceptible to aging, 
but the neural mechanisms underlying aging-related 
declines in executive function are not well under-
stood. Recent advances in cognitive and network 
neuroscience suggest that higher order cognitive pro-
cesses, including those involved in executive function, 
emerge from dynamic interactions among large-scale 
brain functional networks that are both facilitated and 
constrained by the underlying structural connectome 
[3, 4]. Consequently, delineating how the structural 
connectome contributes to aging-related declines 
in executive function would enrich our fundamental 
understanding of the neural mechanisms underlying 
cognitive aging and aging-related disorders that man-
ifest executive dysfunction [5]. Such knowledge is 
important for developing and implementing treatment 
strategies to better target aging-related impairment in 
executive function.

Leveraging recent theoretical and empirical 
advances in network neuroscience [3, 5, 6], we postu-
lated that individual differences in executive function 
and changes in executive function over time in older 
adults can be explained by the controllability of struc-
tural brain networks. Controllability is a brain struc-
tural metric derived from white matter connectivity 
that quantifies the ease by which brain regions facili-
tate transitions between diverse mental states to ena-
ble complex cognitive processes [3]. Conceptually, 

controllability builds upon the notion that certain 
regions within the structural networks act as criti-
cal drivers of brain functional network dynamics, 
thereby controlling downstream cognitive processes 
and functioning [3, 7]. Indeed, studies on network 
controllability have demonstrated its association with 
cognitive performance in tasks tapping core executive 
functions (e.g., working memory, inhibition, cogni-
tive flexibility) in children, adolescents, and young 
adults [8–10], indicating the cognitive relevance of 
network controllability across development and into 
young adulthood. One type of network controllabil-
ity, modal controllability, quantifies brain regions that 
facilitate distant transitions to difficult-to-reach men-
tal states that require substantial input energy or cog-
nitive effort (Fig. 1) [3, 8]. The emphasis on effortful 
state transitions bears strong similarity to the defini-
tion of executive functions as being effortful cogni-
tive processes [1], rendering modal controllability as 
a putative neural substrate of executive function.

Whether this association between structural net-
work controllability and cognition persists through 
later adulthood to influence cognitive aging remains 
unexplored. Here, we examined the hypothesis that 
modal controllability is a predictor of executive func-
tion and its aging-related decline over time, aiming to 
provide a mechanistic explanation of how changes in 
structural properties of the brain translate into cogni-
tive decline in older adults.

Prior work has illustrated that weakly connected 
brain regions within certain functional networks (i.e., 

Fig. 1  A schematic representation of modal controllabil-
ity. In the left contour plot, the white dot represents a brain 
region facilitating distant transitions from the current mental 
state to difficult-to-reach mental states that require a consider-
able amount of input energy/effort as indicated by the darker 
to brighter color bar. The arrows represent control trajectories. 
The dot and line plots on the right depict a change in mental 
state from one to another after brain region(s) receive an input 
of control energy and initiate the transition
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frontoparietal, cingulo-opercular) exhibit high modal 
controllability, suggesting that they are responsible 
for the brain’s dynamics and transitions during effort-
ful and difficult tasks [3, 11]. Moreover, decades of 
cognitive neuroscience research have demonstrated 
that these same functional networks are activated 
to support a diverse range of cognitive and execu-
tive control processes, particularly when there is 
increased task difficulty or demand that requires sub-
stantial cognitive effort [12–14]. Therefore, we focus 
our investigation of modal controllability specifically 
within the following two networks in the present 
study: the multiple demand system and the frontopa-
rietal control network. The multiple demand system 
encompasses a set of key regions from the frontopa-
rietal control network and salience/cingulo-opercular 
network and is associated with domain-general core 
cognitive processes [12, 15] as well as individual 
differences in intelligence [15, 16]. In particular, the 
multiple demand system is consistently activated in 
more cognitively demanding conditions (e.g., higher 
working memory load > low working memory load) 
that requires greater cognitive control, irrespective 
of the task domains (i.e., domain-general) [16]. The 
frontoparietal control network, or simply, the control 
network, was defined by the Schaefer functional net-
work atlas based on large-scale task and resting-state 
fMRI data acquired using diverse acquisition proto-
cols [17]. The control network includes frontal and 
parietal brain regions implicated in cognitive control 
processes and performance of executive functions 
tasks [18, 19] as well as cingulate cortex and tempo-
ral gyrus that are associated with control-related pro-
cesses [17]. Although all frontal and parietal regions 
within the multiple demand system are included in 
the control network, the key distinction between the 
two networks is that the multiple demand system also 
includes regions from the salience/cingulo-opercular 
network implicated in response inhibition and main-
tenance of tonic alertness (i.e., sustained process of 
ensuring engagement) [20]. Notably, these salience/
cingulo-opercular regions exhibit consistent neural 
activation in response to demanding task conditions 
along with the set of frontoparietal regions included 
in the multiple demand system [15, 16].

In the present study, we utilized diffusion-weighted 
imaging and six neuropsychological tasks from 
older adults at two different assessments conducted 
5–6 years apart to examine the associations between 

modal controllability and executive function both 
cross-sectionally and longitudinally. Applying the 
framework of the well-established executive func-
tion model proposed by Miyake and Friedman [21, 
22], these six neuropsychological tasks (Stroop, Trail 
Making Test, Category Switching, Letter-Number 
Sequencing, Reading Span, and Digit Span) were 
specifically chosen from our clinical neuropsycho-
logical task battery given they are the most relevant 
tasks tapping into classic executive function subdo-
mains including inhibitory control, set shifting, and 
working memory. The Miyake-Friedman model pro-
vides strong evidence that these subdomains are well 
represented by a common executive function factor 
[21, 22], as used in the present study. Our prior work 
showed a small cross-sectional association between 
age and performance on these neuropsychological 
tasks (likely due to the narrow age range of our sam-
ple — 10 years), but steady longitudinal within-per-
son decline in performance across time, which is con-
sistent with most observations of age-related declines 
in executive function [23, 24]. Moreover, these neu-
ropsychological tasks of executive function actively 
engage cognitive control processes (often considered 
synonymous with executive functions within the con-
text of clinical neuropsychology [25]) to support the 
maintenance of task goals and the flexible regula-
tion of one’s behavior and actions in accordance with 
those task goals [25].

For the formal analyses, we first computed modal 
controllability across all 400 Schaefer cortical par-
cels to characterize regional modal controllability at 
the group level. Second, we examined the associa-
tions of modal controllability in the control network 
and multiple demand system cross-sectionally at each 
time point. Third, we investigated whether longitudi-
nal changes in modal controllability for each of the 
two networks were associated with changes in execu-
tive function, establishing a mechanistic explanation 
linking structure to function. Finally, we explored 
whether the link between structure and function 
was moderated by other factors: (1) APOE genotype 
(ε4 + vs. ε4 −), the major genetic risk factor for Alz-
heimer’s disease [26], and (2) general cognitive abil-
ity in young adulthood, an index of cognitive reserve 
[27–30]. If an interaction shows a weaker association 
between modal controllability and executive function 
in ε4 − or high general cognitive ability individuals 
compared to their respective counterparts, it would 
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be consistent with the notion that those factors confer 
greater resilience against reduced modal controllabil-
ity in older adults.

Methods

Participants

Participants were in the Vietnam Era Twin Study of 
Aging (VETSA), a multisite longitudinal study of aging 
and risk for Alzheimer’s disease beginning in middle 
age [31–33]. They are community-dwelling men from 
across the USA who are similar to American men in their 
age range with respect to health, education, and lifestyle 
characteristics [34]. VETSA has completed three waves 
of assessment. For the present study, we included partici-
pants who completed both neuroimaging and cognitive 
testing at wave 2 (ages 56 to 66) and wave 3 (ages 61 to 
70) at the University of California, San Diego (UCSD) 
site on 3.0 Tesla scanners. All imaging was conducted 
at UCSD during wave 3, and we included only wave 2 
participants who were scanned at UCSD to reduce scan-
ner differences. Wave 1 data were not included because 
the imaging was collected on a 1.5 Tesla scanner, so they 

could not provide comparable estimates of structural net-
work controllability. Here, we refer to wave 2 and wave 
3 as Time 1 and Time 2 because they were the only two 
time points included in this report.

Participants were excluded for seizure, stroke, multi-
ple sclerosis, HIV/AIDS, or schizophrenia. We further 
excluded participants with poor fiber tractography quality 
after our visual inspection (see Supplementary Methods 
for details). A total of 172 participants were included for 
Time 1, 267 participants for Time 2, and 105 partici-
pants for both time points. Table 1 contains a summary 
of sample characteristics. The study was approved by the 
Institutional Review Board at UCSD and Boston Univer-
sity, and written informed consent was obtained from all 
participants.

MRI acquisition and processing

T1-weighted (3D fast spoiled gradient echo, 
TR = 8.084  ms, TE = 3.164  ms) and diffusion-
weighted images (DWIs) (51 diffusion directions, 
b value = 1,000  s/mm2, integrated with a pair of 
b = 0 images with opposite phase encode polarity, 
TR = 9,700  ms, TE = 80–84  ms) were acquired at 
UCSD on two GE 3.0 Tesla Discovery 750 × scanners 

Table 1  Sample characteristics at each time point

Mean (standard deviation) for all participants at each time point. After accounting for missing data and outliers, N = 170 included for 
Time 1 analyses, N = 262 included for Time 2 analyses, and N = 102 included for longitudinal analyses.
a Time 1: 2 missing (N = 170); Time 2: 4 missing (N = 263); Longitudinal: 2 missing (N = 103).
b Time 2: 1 missing (N = 266); Longitudinal: 1 missing (N = 104).

Time 1 (N = 172) Time 2 (N = 267) Longitudinal (N = 105)

Time 1 Time 2

Age 61.75 (2.69) 67.48 (2.73) 61.54 (2.72) 67.22 (2.76)
Years of education 13.98 (2.06) 14.14 (2.16) 14.02 (2.14)
Young adult  generala cognitive ability (z-scores) 0.36 (0.65) 0.39 (0.67) 0.35 (0.61)
Young adult  generala cognitive ability percentile 61.89 (21.61) 62.74 (21.60) 61.51 (20.17)
Health status 1.07 (0.92) 1.35 (1.02) 0.99 (0.93) 1.25 (0.99)
Race/ethnicity
(% White/Non-Hispanic)
(% others)

87% (150)
13% (22)

89% (237)
11% (27)

90% (95)
10% (10)

Executive  functionb  − 0.44 (0.94)  − 0.72 (0.92)  − 0.50 (0.97)  − 0.79 (0.94)
Multiple demand system modal controllability 0.94 (0.02) 0.94 (0.02) 0.94 (0.02) 0.94 (0.02)
Control network modal controllability 0.95 (0.02) 0.94 (0.02) 0.95 (0.02) 0.94 (0.02)

Time 1 (N = 172) Time 2 (N = 238) Longitudinal (N = 105)
APOE-ε4 status
Positive
Negative

42 (24%)
130 (76%)

60 (25%)
178 (75%)

25 (24%)
80 (76%)
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(GE Healthcare, Waukesha, WI, USA) with an eight-
channel phased array head coil.

Image preprocessing

Images were preprocessed at the UCSD Center for 
Multimodal Imaging Genetics [35, 36]. Briefly, 
T1-weighted images were corrected for gradient 
nonlinearity distortions [37] and B1 field inhomoge-
neity [38] and then rigidly resampled and registered 
to standard space. DWIs were corrected for eddy 
current distortion [39], head motion [40], B0 distor-
tions [41], and gradient nonlinearity distortions [37]. 
The b = 0 images were registered to T1 images using 
mutual information [42] and then rigidly resampled 
into a standard orientation relative to the atlas-regis-
tered T1, with 2-mm isotropic resolution. All images 
were visually inspected to exclude data with severe 
scanner artifacts or excessive head motion from sub-
sequent analyses.

Construction of the structural connectome

Preprocessed diffusion MRI data (Fig. 2A) was recon-
structed in DSI Studio (http:// dsi- studio. labso lver. org/) 
using q-space diffeomorphic reconstruction (QSDR) 
[43]. Quantitative anisotropy (QA) values were com-
puted in each voxel and subsequently used to warp 
the brain to a template QA volume in Montreal Neu-
rological Institute (MNI) space using the statistical 
parametric mapping (SPM) nonlinear registration algo-
rithm. Once in MNI space, spin density functions were 
reconstructed again with a mean diffusion distance 

of 1.25  mm using three fiber orientations per voxel. 
Whole-brain fiber tractography (Fig.  2B) was per-
formed using a deterministic fiber tracking algorithm 
with an angular cutoff of 35°, step size of 1.0 mm, min-
imum length of 10 mm, maximum length of 200 mm, 
and a QA threshold determined by DWI signal in the 
colony-stimulating factor. Whole-brain fiber tracking 
was performed until 1,000,000 streamlines were recon-
structed. We used the Schaefer atlas [17] that subdi-
vided the brain into 400 cortical parcels (Fig.  2C), 
yielding a structural connectivity matrix (Fig. 2D) for 
each participant with brain parcels as nodes and the 
number of streamlines connecting any pair of parcels 
as weighted edges [6].

Computation of network modal controllability

Modal controllability was computed using previously 
established mathematical formulations [3] and code 
(https:// compl exsys temsu penn. com/s/ contr ollab ility_ 
code- smb8. zip) in MATLAB [3, 8]. Each participant’s 
structural connectivity matrix was first normalized by 
dividing each element by the largest absolute eigen-
value of the matrix plus one [44]. The modal control-
lability measures were then calculated for each parcel 
from the normalized matrix for each participant. We 
then calculated the mean modal controllability over 
all regions in the control network and the multiple 
demand system. Consequently, there were two modal 
controllability measures computed for each participant, 
one summary metric corresponding to each network. A 
list of brain parcels included in each of the networks 
can be found in Tab s1 and Tab s2.

Fig. 2  Construction of the structural connectome. A Diffu-
sion MRI data were acquired and preprocessed. B From these 
data, white matter streamlines were reconstructed via whole-
brain tractography. C, D Streamlines connecting each pair of 

brain regions (400 parcels obtained from the Schaefer atlas) 
were counted to build a structural connectivity matrix, with 
each cell representing the number of streamlines between two 
regions
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Executive function

As described in the introduction, we included the follow-
ing six well-established neuropsychological tasks from 
our clinical neuropsychological task battery to compute 
the executive function factor score: Stroop [45], trail 
making test [46], category switching [46], letter-number 
sequencing [47], reading span [48], and digit span [47] 
(see Supplementary Methods for task descriptions). 
These tasks were specifically chosen because they are 
the most relevant tasks tapping into classic subdomains 
of executive function that comprise a well-established 
executive function model [21, 22], and they engage high-
level cognitive control processes that are critical for exer-
cising executive function. All tasks were administered in 
a standardized fashion according to the manuals.

For Stroop, a residualized score for the number of cor-
rect words identified during the color-word condition (nam-
ing colors of words printed in incongruent colors) was used, 
adjusting for performance on the word condition (reading 
color words printed in black ink) and the color condition 
(naming the color of printed strings of Xs). For trail making 
test, a residualized score for the time spent on the switch-
ing trials was used, adjusting for the time on the single-task 
trials. For category switching, a residualized score for cat-
egory switching accuracy (number of correct switches) was 
used, adjusting for the number of correct responses across 
the category fluency trials. For letter-number sequenc-
ing, the total number of trials passed on the letter-number 
sequencing subtest was used. For reading span, the total 
number of correct words recalled across the entire task 
regardless of order was used. For digit span, the total num-
ber of correct trials across both the forward and backward 
conditions in the digit span subtest was used. The reason for 
using residualized scores is that these scores remove vari-
ance accounted for by more elementary task components in 
order to isolate the executive component. The factor score 
then computed from these six tasks, which was shown to be 
highly heritable and factorially invariant across middle age 
and early old age in a larger sample of VETSA participants 
(N > 1200) [23]. Practice effects were adjusted for all tasks 
for returning participants [49, 50]. Higher scores indicate 
better executive function.

Young adult general cognitive ability

Participants were on average 20  years of age when 
they completed the Armed Forces Qualification Test 

(AFQT). The AFQT is a standardized, validated 100-
item multiple-choice paper-and-pencil test of general 
cognitive ability [51]. It includes 4 components: vocab-
ulary, arithmetic, spatial processing, and knowledge and 
reasoning about tools. AFQT percentile scores were 
probit transformed and z-scored for analysis. This test 
is highly correlated with other tests of general cognitive 
ability such as the Wechsler Adult Intelligence Scale 
(r = 0.84) [52].

Physical health status

A modification of the Charlson Comorbidity Index was 
used [53]. One point was assigned for the presence of 
each of 15 different chronic medical conditions as 
described previously [30]. Higher scores indicate poorer 
health. Individuals with scores greater than 3 were 
recoded as 3 (Time 1: N = 7, original data: median = 1, 
range = 0–6; Time 2: N = 17, original data: median = 1, 
range = 0–6) to improve the overall data distribution.

Statistical analyses

All statistical analyses were performed using R version 
4.1.2 (R Development Core Team 2022). Linear mixed 
models were performed using the lme4 package [54]. 
Summaries of linear mixed models were obtained using 
the jtools package (https:// cran.r- proje ct. org/ web/ packa 
ges/ jtools/ index. html), and p-values were calculated 
using Satterthwaite degrees of freedom approximation. 
Multiple comparison correction was applied using the 
Benjamini–Hochberg false discovery rate (FDR) con-
trol. Spearman’s rank correlations were performed using 
the cor () function. One outlier in the modal controllabil-
ity of multiple demand system at Time 2 was removed 
from analyses, as it was 3 standard deviations below the 
mean. For all analyses, the inclusion of the outlier did 
not change our results. The outlier was not excluded for 
Spearman’s rank correlational analyses as they are less 
sensitive to outliers.

For cross-sectional analyses at each time point, we 
built our linear mixed models by setting the executive 
function factor score as the dependent variable and 
modal controllability for each network as the inde-
pendent variable. Age, race/ethnicity, health status, and 
young adult general cognitive ability were included 
as covariates in all models. Because there were twin 
pairs in our sample, we also included twin pair ID as 
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a random intercept in linear mixed models to account 
for correlated outcomes. For longitudinal analyses, dif-
ference in the executive function factor score (Time 1 
minus Time 2) was the dependent variable and differ-
ence in modal controllability (Time 1 minus Time 2) 
was the independent variable. Differences in age and 
health status (Time 1 minus Time 2), race/ethnicity, and 
general cognitive ability were included as covariates 
in all models. We confirm that the investigators have 
access to the data used in all analyses.

Results

Topography of modal controllability across Time 1 
and Time 2

Figure 3 depicts the regional modal controllability of all 
400 cortical parcels as ranked means across the brain at 
each time point. The spatial distributions of modal con-
trollability were highly similar when comparing between 
the two time points (ρ = 0.96, p < 2.2 ×  10−16; Fig. 3A, B), 
suggesting that the topography of modal controllability 
(but not necessarily controllability strengths) remained 
stable over a period of 5–6 years.

Cross-sectional associations of modal controllability 
and executive function

To examine whether modal controllability of the mul-
tiple demand system or the control network serves as 

a predictor of executive function, we estimated net-
work-level modal controllability (i.e., taking the mean 
of controllability values across all regions within a 
network) cross-sectionally at each time point (Time 1: 
N = 172; Time 2: N = 267). As predicted, we observed 
a significant main effect at Time 2 showing that higher 
modal controllability in the control network (Fig. 4A) 
was associated with better executive function perfor-
mance (β = 0.12, t = 2.43, p = 0.016, pFDR = 0.032, 95% 
CI [0.02, 0.22]; Fig.  4C). Likewise, modal control-
lability of the multiple demand system (Fig.  4B) was 
positively associated with executive function at Time 
2 (β = 0.12, t = 2.50, p = 0.013, pFDR = 0.032, 95% CI 
[0.03, 0.22]) (Fig. 4D). Although the associations were 
in the expected direction, modal controllability of either 
network was not significantly associated with executive 
function at Time 1 (control: β = 0.09, t = 1.46, p = 0.143, 
pFDR = 0.143, 95% CI [− 0.03, 0.22]; multiple demand: 
β = 0.10, t = 1.59, p = 0.113, pFDR = 0.143, 95% CI 
[− 0.02, 0.23]) (Tab s3 and Tab s4).

Both health status and young adult general cognitive 
ability were significant predictors of executive function 
at both Time 1 and Time 2 (Tab s3 and Tab s4), consist-
ent with what we found previously in the full VETSA 
sample [30]. We included these two specific covari-
ates to conduct a more stringent test of whether modal 
controllability is a predictor that can explain additional 
variance in executive function in older adults above and 
beyond the effects of physical health status and earlier 
general cognitive ability. Collectively, these results 
showed that individuals whose control network and 

Fig. 3  Regional modal controllability at Time 1 and Time 2. 
Regional modal controllability was computed from all partici-
pants at each time point by taking the group average of control-
lability values at each parcel. Region modal controllability val-

ues were then ranked for all 400 cortical parcels at each time 
point and plotted on a surface visualization. Warmer colors 
indicate larger values of regional modal controllability
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multiple demand system have a greater ability to make 
distant or effortful transitions between mental states 
have better executive function in later life.

Longitudinal associations of changes in modal 
controllability and executive function

Following our cross-sectional analyses, we performed 
longitudinal analyses on modal controllability of the 
control network and that of the multiple demand net-
work in participants with data at both time points 
(N = 105). We predicted that age-related decline in exec-
utive function from Time 1 to Time 2 would correspond 
to decreases in modal controllability for both networks.

We detected a significant association such that changes 
in modal controllability of the multiple demand system 
were positively related to changes in executive function 
(β = 0.14, t = 2.48, p = 0.013, 95% CI [0.03, 0.24]) (Fig. 5), 
after controlling for covariates (Tab s5). Changes in modal 
controllability of the control network were also positively 
associated with changes in executive function but that asso-
ciation did not reach the threshold for statistical significance 

(β = 0.11, t = 1.99, p = 0.050, 95% CI [0.00, 0.22]) (Tab s6). 
Thus, individuals who had a greater reduction in the multi-
ple demand system’s ability to facilitate effortful transitions 
between mental states over a period of 5–6 years experi-
enced a greater decline in executive function.

Interactions of modal controllability with APOE 
genotype and young adult general cognitive ability

Cognitive aging is known to be influenced by a wide 
array of factors including genetics and the level of 
early life cognitive ability [30]. In exploratory cross-
sectional analyses, we did not observe any signifi-
cant APOE genotype × modal controllability interac-
tion for either network at either time point (Tab s7 
and Tab s8). We also did not detect any interaction 
with young adult general cognitive ability for either 
network at either time point (Tab s9 and Tab s10). 
Overall, our findings indicated that the associations 
between modal controllability of the two networks 
and executive function in late midlife were not mod-
erated by APOE genotype or by young adult general 

Fig. 4  Modal controllability and executive function at Time 
2. A The control network. B The multiple demand system. C 
Main effect of modal controllability of the control network 
plotted against executive function (adjusted for the effects of 

covariates) at Time 2. D Main effect of modal controllability of 
the multiple demand system plotted against executive function 
(adjusted for the effects of covariates) at Time 2
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cognitive ability. Finally, it is worth noting that prior 
work from our group demonstrated that young adult 
general cognitive ability accounts for roughly 10% 
of variance in late midlife executive function [30]. 
However, while young adult general cognitive ability 
was significantly correlated with executive function at 
both time points (Time 1: r(170) = 0.36, p < 0.0001; 
Time 2: r(262) = 0.45, p < 0.0001), it was not corre-
lated with modal controllability of either network at 
either time point (Tab s11 and Tab s12).

Discussion

Declines in executive function are a hallmark of cogni-
tive aging and aging-related disorders, but the neural 
mechanisms underlying these cognitive declines have 
not been fully elucidated. We provided a mechanis-
tic explanation for aging-related changes in executive 
function based on understanding how the structural 
connectome supports brain state transitions to enable 
these effortful cognitive processes [3, 4]. We showed 
that changes in executive function can be explained by 
changes in the ability of the multiple demand system to 
support the brain’s transition to difficult-to-reach states 

that are cognitively effortful and demanding. Taken 
together, our findings suggest that a putative neural 
mechanism of cognitive aging may involve decreased 
modal controllability in structural brain networks.

A prominent theoretical framework provides strong evi-
dence for executive functions being both domain-general 
(i.e., tapping into a common core capacity) and domain-
specific (i.e., separable by tasks) [21, 22]. This conceptual 
framework—the unity and diversity model—is in line 
with most studies on cognitive control that show domain-
general task activations distributed across the brain, along 
with task-specific neural activations [13, 18]. In the present 
study, we tested our hypotheses in two somewhat overlap-
ping but different networks that have been linked to these 
types of cognitive functions. As discussed previously, the 
multiple demand system is a domain-general cognitive 
core encompassing a set of key regions from frontoparietal 
control and cingulo-opercular networks [16] that are con-
sistently activated in a wide range of cognitively demand-
ing task conditions (i.e., high working memory load > low 
working memory load) across various cognitive domains 
[12, 15]. On the other hand, the control network consists 
of frontal and parietal regions (including frontoparietal 
regions within the multiple demand system) broadly rel-
evant for cognitive and control processes [17]. The control 
network does not include regions from the salience/cin-
gulo-opercular network implicated in response inhibition 
and maintenance of tonic alertness [20]. Although modal 
controllability of both networks exhibited the same mag-
nitude of association with executive function cross-sec-
tionally, the relationship appeared to be somewhat stronger 
in the multiple demand system than the control network 
when examined longitudinally.

One tenable explanation is that the executive function 
factor used in our study—referred to as Common Execu-
tive Function in the unity and diversity model—repre-
sents common shared variance across multiple executive 
function tasks that captures domain-general executive 
function capacity. Therefore, change in executive func-
tion was preferentially predicted by change in modal 
controllability of the multiple demand system, a network 
that is not only domain-general, but also critical for sup-
porting effortful cognitive control processes engaged 
by executive function tasks [15], which tend to become 
increasingly more cognitively effortful and demanding 
as individuals advanced in age. In particular, a number 
of studies have shown that cognitive effort is experienced 
as subjectively more costly in older adults than in young 
adults when matched on task conditions and difficulty 

Fig. 5  Longitudinal changes in modal controllability of the 
multiple demand system and executive function. The plot 
depicts the association of changes (Δ) in modal controllability 
and executive function (adjusted for all covariates) from Time 
1 to Time 2. The positive slope indicates that greater reduction 
of modal controllability is associated with greater decline in 
executive function and vice versa
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[55–57]. Thus, the longitudinal association with mul-
tiple demand system may also reflect the fact that older 
adults experienced these executive function tasks as over-
all cognitively demanding and effortful. Relatedly, the 
barely significant longitudinal association of the control 
network is likely due to this very reason, such that the 
control network regions are not specific to effortful cog-
nitive control processes. Thus, it is likely not capturing 
aging-related increases in cognitive effort and subjective 
perceptions of effort for the same set of executive func-
tion tasks across two time points. Nonetheless, future 
studies may want to both replicate the described findings 
and examine them with respect to objective and subjec-
tive cognitive effort. Additionally, future studies may 
want to explore potential structural networks relevant for 
specific subdomains of executive functions (e.g., inhibi-
tion) with multiple tasks tapping into a single subdomain.

Cross-sectional associations between modal control-
lability and executive function were not observed at Time 
1 but were detected at Time 2. Given that the significant 
associations at Time 2 were fairly modest (β = 0.12), one 
possible explanation for the lack of associations at Time 1 
is likely to be the smaller sample size (N ≈ 170) relative 
to Time 2 (N ≈ 260), which may not be sufficiently pow-
ered to detect these modest brain-behavior relationships. 
Indeed, the effect sizes for both networks at each time 
point were small and virtually the same across time (multi-
ple demand: partial eta-squared = 0.02 at both time points; 
control network: partial eta-squared = 0.01 at Time 1, and 
0.02 at Time 2). In light of prior work on controllability [8, 
9], these modest associations are in fact expected.

Finally, modal controllability still explained some vari-
ance in executive function above and beyond that explained 
by physical health [30] and young adult general cognitive 
ability, an index of cognitive reserve [27]. We define cog-
nitive reserve as a person’s overall cognitive resources at 
a given point in time [27]. The use of young adult cogni-
tive reserve ensures that the reserve index is unaffected by 
aging-related cognitive declines. By including these two 
variables as covariates, we undoubtedly attenuated the 
amount of variance explained by modal controllability. 
Nonetheless, our longitudinal results provide stronger sup-
port for the cognitive relevance of modal controllability, as 
changes in executive function across the two assessments 
were only predicted by changes in modal controllability, 
but not by young adult cognitive reserve (general cognitive 
ability) or physical health. This suggests that earlier cogni-
tive ability and late life physical health may be good pre-
dictors of late life executive function, but may not be good 

predictors of aging-related executive function declines. 
Put another way, physical health and young adult cogni-
tive reserve may predict the intercept for executive function 
later in life, but modal controllability may predict its slope.

Our results have important potential clinical implica-
tions for the development of intervention approaches to 
ameliorate aging-related cognitive declines. For instance, 
one recent study in healthy young adults combined func-
tional MRI and DTI and found that modal controllability 
of dorsolateral prefrontal cortex, a key region in the con-
trol network and the multiple demand system, predicted 
functional activations during a working memory task, 
particularly in a high working memory load condition. 
Importantly, applying repetitive transcranial magnetic 
stimulation (rTMS) to the same regions of the dorsolat-
eral prefrontal cortex resulted in behavioral improvement 
in task performance [58]. This study demonstrated that 
intervention approaches targeting critical brain modal 
control hubs (i.e., regions with high modal controllabil-
ity) could substantially improve their efficacy in bolster-
ing cognitive performance. Therefore, it may be possible 
to target aging-related executive function declines in older 
adults by stimulating regions within the multiple demand 
system through different intervention approaches.

Finally, several limitations should be noted. The all-
male, mostly white non-Hispanic sample of our study 
presents challenges to generalizability. Based on a prior 
study that showed sex differences in network controlla-
bility in relation to executive functions in youths ages 
7 to 22 [10], it will be important to directly investigate 
where there could be sex differences in the cross-sec-
tional and longitudinal associations between modal 
controllability and executive function in older adults. 
Of note, our narrow age range at each assessment is a 
strength because it allows for investigation of longitu-
dinal within-person change without potential confound-
ing by large baseline age differences. It thus provided 
a window into change in early old age, but future work 
should examine changes in controllability and executive 
function across a broad age range in later life.

In conclusion, executive functions are fundamen-
tal to successful daily functioning and particularly for 
healthy aging. Addressing the neural mechanisms 
underpinning executive function declines in older adults 
has critical empirical and clinical implications for cog-
nitive aging and related disorders. Our results suggest 
that changes in structural network controllability are 
linked to declines in executive function in older adults. 
These findings open up new avenues for basic research 
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examining relationships between individual differences 
in structural network controllability and other domains 
of cognition. Moreover, the findings provide network 
control hubs that could be directly targeted by clinical 
approaches to potentially ameliorate executive dysfunc-
tion in vulnerable populations.
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