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Abstract

Despite the importance of cortico-striatal circuits to cognition, investigation of age effects on the
structural circuitry connecting these regions is limited. The current study examined age effects on
frontostriatal white matter connectivity, and identified associations with both executive function
performance and dynamic modulation of blood-oxygen-level-dependent (BOLD) activation to task
difficulty in a lifespan sample of 169 healthy humans aged 20-94 years. Greater frontostriatal
diffusivity was associated with poorer executive function and this negative association
strengthened with increasing age. Whole-brain functional magnetic resonance imaging (fMRI)
analyses additionally indicated an association between frontostriatal mean diffusivity and BOLD
modulation to difficulty selectively in the striatum across two independent fMRI tasks. This
association was moderated by age, such that younger- and middle-aged individuals showed
reduced dynamic range of difficulty modulation as a function of increasing frontostriatal
diffusivity. Together these results demonstrate the importance of age-related degradation of
frontostriatal circuitry on executive functioning across the lifespan, and highlight the need to
capture brain changes occurring in early- to middle-adulthood.

1. Introduction

Frontostriatal circuitry in both animals and humans is important for several regulatory
activities and is generally separated into five major parallel loops supporting integration of
information in both motor and non-motor systems (Alexander, 1986; Lehéricy et al., 2004;
Middleton & Strick, 2000). Among these loops, the dorsal-prefrontal — dorsal-striatal
pathway is of specific interest in the study of cognitive aging as it supports aspects of higher-
order cognitive control, with cognitive performance mediated by dopaminergic signaling
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within this network (Béckman, et al., 2010). Both prefrontal cortex (PFC) and striatum show
pronounced vulnerability to age-related volumetric loss relative to other cortical and
subcortical regions (Kennedy & Raz, 2015). Longitudinal evidence estimates shrinkage
between 3-5% per decade for both PFC and striatal gray matter across the adult lifespan
(Raz et al., 2003, 2005, 2010). Weakened white matter microstructural integrity is also
evident in older age, especially in anterior regions and in white matter innervating the PFC
(Bartzokis, 2004; Madden et al., 2009; O’Sullivan et al., 2001). Specifically, fractional
anisotropy (FA) tends to exhibit an inverted U-shaped trend, /ncreasing into adulthood and
then decreasing into older age, while mean diffusivity (MD) tends to decrease into adulthood
and increase exponentially into older age (Hsu et al., 2010; Kennedy & Raz, 2015; Madden
et al., 2012). These age-related structural declines in gray and white matter are moreover
associated with cognitive deficits across a variety of domains, including executive function
(EF), working memory, and cognitive control (Madden et al., 2012; Raz & Kennedy, 2009;
Raz & Rodrigue, 2006).

In addition to regional volumetric shrinkage, evidence from functional magnetic resonance
imaging (fMRI) studies consistently demonstrates age-related functional disruptions of PFC
blood-oxygen-level-dependent (BOLD) activation, with older adults typically exhibiting
either over- or under-activation of PFC regions compared to younger adults (for review:
Cabeza & Dennis, 2002; Park & Reuter-Lorenz, 2009). Additionally, age negatively affects
the ability to flexibly regulate BOLD activation in response to increasing cognitive demands
(e.g., in response to increasing working memory load). Specifically, up-modulation (greater
activation as a function of increasing task demands) and down-modulation (greater
deactivation as a function of increasing task demands) tend to decrease across the lifespan,
and this reduction in modulation is associated with both poorer task performance and
general cognitive performance (Hakun & Johnson, 2017; Kennedy et al., 2017; Rieck et al.,
2017; Schneider-Garces et al., 2010). This age-related disruption of functional activation
may be accompanied by altered integrity of structural white matter properties (Bennett &
Rypma, 2013; Brown et al., 2015; Hakun et al., 2015; Zhu et al., 2015). In line with the idea
that structural disconnection in neural systems plays a role in cognitive dysfunction
(Bartzokis, 2004; O’Sullivan et al., 2001), white matter alterations may represent a plausible
mechanism underlying dysregulation of BOLD activation (Warbrick et al., 2017), that then
has cognitive consequences. In relation to modulation of BOLD activation in response to
difficulty, recent evidence suggests age-related degradation of major white matter tracts
mediates reduced BOLD difficulty modulation in frontoparietal networks, contributing to
poorer cognitive performance (Webb, et al., 2020). Together this evidence indicates that
integrity of white matter microstructure is related to both neural function and cognition, and
that age-related differences in the structure of the brain affects its function. Here, we sought
to address whether age differences in frontostriatal white matter connectivity, specifically,
are associated with altered BOLD modulation of cortical or subcortical regions connected by
this pathway, an association which, to our knowledge, has not been previously reported.

Despite the importance of both prefrontal and striatal regions to cognitive aging, the study of
the white matter pathways connecting these structures is limited and age effects on
frontostriatal structural white matter connectivity have not been fully characterized. Several
studies illustrate the contribution of frontostriatal white matter to cognitive control and
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reward processing in developmental (Darki & Klingberg, 2015) and patient (Riley et al.,
2011) populations, yet only a few studies have investigated healthy aging. For example,
Samanez-Larkin, et al. (2012) report linear decreases in cortico-striatal fractional anisotropy
(FA) across age, as well as associations between FA and probabilistic reward learning.
Longitudinal decline in frontostriatal white matter FA has also been observed in middle- and
older-aged individuals (Vik et al., 2015); although no association between change in FA and
cognition was reported. Additionally, Ystad et al. (2011) demonstrated that FA of
frontostriatal white matter connecting cortical resting-state networks predicted EF in middle-
and older-age. However, a comprehensive examination of lifespan differences in cortico-
striatal white matter microstructure and their association with both cognition and task-
related BOLD function has not been conducted to date.

Therefore, the goals of the current study were to 1) characterize lifespan differences in
frontostriatal white matter connectivity, 2) assess frontostriatal microstructure influences on
EF performance, and 3) examine associations between frontostriatal white matter
connectivity and modulation of BOLD activity to increasing cognitive demand in two
independent fMRI tasks. The first task consisted of a digit /+back working memory
paradigm that manipulated the working memory load (0- to 4-back), and the second task
consisted of a spatial distance judgment paradigm in which the difficulty of the relative
distance decision was manipulated (easy to hard). In both tasks, greater demands imposed by
the varying difficulty of task conditions should challenge executive decision-making
processes, allowing for the systematic measurement of increases and decreases in BOLD
activation as a function of increasing task difficulty. Examining these issues in two separate
tasks that both modulate the degree of cognitive difficulty provides the unique opportunity to
gauge whether the frontal-striatal brain responses that are associated with white matter
microstructural integrity might reflect a more general, task-independent response to
cognitive challenge. We hypothesized that age-related degradation of frontostriatal tract
white matter connectivity would predict executive function performance and reduced BOLD
modulation to task difficulty.

Materials and Methods

2.1 Participants

Participants from the full sample included 185 healthy adults (110 women) aged 20-94
years (Mage = 53.26, SD = 18.95) recruited from the Dallas/Fort Worth metroplex via flyers
and media advertisements who were compensated for their time. All participants were right-
handed, native English speakers, with a minimum of high school education or equivalent and
screened to be free from neurological, metabolic, cardiovascular, psychiatric disorders,
substance abuse, or head injury with loss of consciousness > 5 minutes. Participants were
tested at normal or corrected-to-normal vision and had no contraindications to MRI
scanning. MRI-safe prescription goggles were fitted for use during scanning. Participants
were screened for dementia and depression using the Mini-Mental Status Exam (MMSE;
Folstein, Folstein, & McHugh, 1975) and the Center for Epidemiological Studies Depression
Scale (CES-D; Radloff, 1977) with cutoffs of 26 and 16, respectively. A subset of 169
healthy adults from the full study sample with complete and vetted diffusion tractography
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data were included in the current diffusion analyses (96 women; Mage = 51.66, SD age =
18.5). Additionally, participants from this sample with fMRI data for either of two tasks
[distance judgment task: 146 adults (82 women); rn-back task: 155 adults (86 women)] were
included in analyses examining associations between white matter connectivity and BOLD
activation. Written informed consent was obtained from all participants in accord with local
institutional review board guidelines. See Table 1 for sample demographic information.

2.2 MRI Acquisition Protocol

All participants were scanned on the same 3T Philips Achieva MRI scanner equipped with a
32-channel head coil using SENSE encoding. A T1-weighted MP-RAGE sequence was used
to collect high-resolution anatomical images with 160 sagittal slices and the following
parameters: 1 mm isotropic voxels, FOV = 256 x 204 x 160 mm, TR/TE = 8.3 ms/3.8 ms,
12° flip angle, total time = 4:19 min. A diffusion-weighted single-shot EPI sequence was
acquired with 65 axial slices and the following parameters: 2 x 2 x 2.2 mms3 voxel size
(reconstructed to 0.85 x 0.85 x 2.2 mm3), 30 diffusion-weighted directions (b-value =
1000s/mm?2) with 1 non-diffusion weighted b0 (0 s/mm?2), TR/TE = 5608 ms/51 ms, FOV =
224 x 224, matrix = 112 x 112, total time = 4:19 min. Two functional imaging sequences
were collected using identical acquisition parameters: T2*-weighted echo-planar imaging
(EPI) sequence was used to obtain BOLD data with 29 interleaved axial slices per volume
acquired parallel to the AC-PC line and the following parameters: 64 x 64 matrix, 3.44 x
3.44 x 5 mm3 voxel size, FOV = 220 x 220 x 145 mm, TR/TE = 1500 ms/30 ms, total time
= ~35 minutes for both scans.

2.3 MRI Data Processing

2.3.1 Diffusion Image Processing and Tractography Protocol—Diffusion
imaging data were processed with the quality control software suite DTIPrep v1.2.4 to
identify potential susceptibility or eddy current artifacts and distortions from participant
movement (Oguz et al., 2014). Gradients with intensity distortions, as well as those of
insufficient quality caused by participant head motion, were detected and removed from
subsequent analyses using the default thresholds in DTIPrep (mean of 4 gradients removed
per subject; 18-30 gradients remainingl). Remaining gradients were registered to the non-
weighted bgimage. Diffusion directions were adjusted to account for independent rotations
of any gradient relative to the original encoding direction (Leemans & Jones, 2009).
Diffusion tensors were estimated using the DSI Studio software build from September 261",
2014 (Yeh, Verstynen, Wang, Fernandez-Miranda, & Tseng, 2013; http://dsi-
studio.labsolver.org).

DSI Studio was also used to execute deterministic tractography to construct a dorsal
prefrontal — dorsal striatal white matter tract (see Figure 1A for frontostriatal tract in a
representative 37-year-old participant; see also Supplemental Figure 1 for additional
representative participants). Tracking of this frontostriatal tract was accomplished using
regions of interest in the striatum (caudate + putamen) and lateral prefrontal cortex for the
left and right hemispheres separately. The following parameters were used for the

INote that including number of gradients and age x gradient interactions in analyses did not alter the main results for any analyses.
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deterministic tracking algorithm: maximum turning angle of 35 °, step size of 1.5 mm,
minimum length of 20 mm, maximum length of 500 mm, and a fractional anisotropy (FA)
threshold of 0.15. To avoid inclusion of unreliable tracking output we determined a
streamline cutoff via a combination of qualitative visual inspection and a quantitative
streamline cutoff that sufficiently captured those with reduced quality of tracking.
Individuals with left or right hemisphere streamline counts < 1.5 standard deviations below
the mean of each hemisphere (i.e., < 275 streams) were excluded from further analyses (V=
13)2.

Striatal and prefrontal regions of interest (ROIs) were defined as seeding points for the
frontostriatal diffusion tractography analysis. These ROIs were defined based on individual
subject parcellations obtained through Freesurfer v 5.3.0 (Fischl, 2012) using the Desikan
atlas (Desikan et al., 2006) that were then warped to subject diffusion space. The striatal ROI
included both the caudate and putamen subcortical segmentations, which were dilated by the
dimensions of one resampled voxel to capture white matter adjacent to the subcortical
structures. To isolate tracking to prefrontal regions implicated in cognitive frontostriatal
loops, Freesurfer parcellations from lateral prefrontal cortex (superior frontal, rostral and
caudal middle frontal, pars opercularis, pars triangularis, and pars orbitalis) were combined
to create one prefrontal ROI.

Regions of avoidance (ROAS) included the motor and premotor cortices using an axial
exclusionary plane at z=111. This plane was created on the Imm MNI template and then
warped to subject diffusion space to exclude any fibers extending into the premotor/motor
cortices and to isolate prefrontal projections to those implicated in cognitive frontostriatal
networks. Additional ROAs were included to prevent inferior projections into the brainstem
and posterior projections into the parietal or occipital cortices, as well as a ROA in the
retrolenticular part of the internal capsule to restrict fornix and/or lateral protrusions from
the tail of the striatum. Lastly, an interhemispheric plane was included at x = 91 so that
tracking could be isolated to each hemisphere and to avoid inclusion of callosal fibers. After
tracking bilaterally, binarized images from each hemisphere were combined and multiplied
by the track density image to obtain the mean of all voxels in the frontostriatal tract.
Descriptive statistics of the diffusion metrics, including fractional anisotropy (a scalar value
ranging from 0-1), mean diffusivity, radial diffusivity, and axial diffusivity (FA, MD, RD,
AD) were then obtained from these images. Diffusivities are expressed as mm2/sec*1000.
Mean global white matter metrics (averaged from all white matter voxels in the brain) were
also calculated to serve as a control variable in regression models to account for the general
influence of white matter.

2.3.2 fMRI Data Processing—Preprocessing and statistical analysis of fMRI data was
conducted in SPM8 (Wellcome Trust Centre for Neuroimaging, London, UK) using in-house
Matlab 2012b (Mathworks) scripts. Identification of motion outliers and preprocessing was
identical for both fMRI tasks. Outlier EPI volumes with > 2 mm motion displacement or >
3% deviation from the mean in global intensity spikes were identified using ArtRepair

2Analyses were repeated including these 13 participants (total /= 182) and all primary results remained, with the exception of the age
x FA interaction on executive function which became marginal (o= 0.063).
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toolbox (Mazaika et al., 2007), and runs with > 15% of volumes (~40 volumes) flagged as
outliers were removed from analyses. Data from 3 participants were excluded from the 7~
back task and data from 4 participants were excluded from the DJ task due to excessive
motion in 2 or more runs. These ArtRepair estimates of motion (6 directions) were included
as nuisance regressors. Each participant’s functional map was first co-registered to their
high-resolution T1 image, and then normalized to standard stereotaxic MNI space. Lastly,
normalized data were smoothed with an 8mm isotropic FWHM Gaussian smoothing kernel.

2.4 Experimental Design and Statistical Analysis

2.4.1 Executive Function Measures—During a separate visit to the lab, prior to MRI
scanning, participants completed several tests of cognitive function, including EF measures
from the Delis-Kaplan Executive Function System (D-KEFS; Delis, Kaplan, & Kramer,
2001). These measures included the Color-Word Interference (Stroop) task, Trail Making
Test, and a Verbal Fluency task that requires producing the names of words, while switching
between categories (i.e., furniture, fruit). The index of performance from the Color-Word
Interference task was calculated as the time taken (in sec) on the switching and inhibition
conditions, adjusted for baseline rates of simple color naming and word reading (in sec).
Trails performance was indexed by the time taken to complete number/letter switching (in
sec), adjusted for time to complete simple number and letter sequencing tasks alone (in sec).
Verbal fluency performance was indexed by accuracy on the category switching trials.
Scores on the Color-Word Interference and Trail Making tasks were multiplied by -1, so
that higher scores reflect better EF. A unit-weighted composite z-score was then calculated
from scores on the three D-KEFS measures to serve as an executive function composite
(Cronbach’s a = .63).

2.4.2 fMRI Task Procedures—Two functional tasks, described separately below, were
acquired in the same scanning session in the same order for each participant at the beginning
of the scanning session, followed by the structural sequences. Both tasks were designed to
measure the BOLD response to incremental increases in task difficulty. Each task was
presented separately in a blocked design using PsychoPy v1.77.02 (Peirce, 2007, 2008).

2.4.2.1 Distance Judgment (DJ) Task: Participants performed a spatial distance judgment
task (Rieck et al., 2017) that included both control judgment and coordinate judgment
conditions that parametrically varied in difficulty (easy, medium, hard) based on spatial
proximity (see Supplemental Figure 2 for a depiction of the task). At the beginning of a
block participants were presented with a vertical reference line after which followed several
trials of either the control or distance judgment condition. In the control condition,
participants were presented with a dot appearing either to the left or right of a horizontal bar
and indicated with a button press on which side the dot was presented (LEFT/RIGHT). In
the remainder of the trials, participants were presented with a dot appearing above or below
a horizontal bar, with the distance of the dot from the bar parametrically varying relative to
the distance of the vertical reference line to establish easy, medium, and hard conditions.
Participants indicated with a button press whether the dot was nearer or farther from the
length of the cued reference line relative to the horizontal line (NEARER/FARTHER). Thus,
this task taps both spatial processes, as well as working memory and executive decision
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processes. Each of the three 5-minute runs consisted of 20 task blocks that contained 5 trials
of each of the four conditions (control, easy, medium, hard), presented in a pseudorandom
order. Functional imaging data including this set of participants has been previously
presented (Kennedy et al., 2017; Rieck et al., 2017) and can be referenced for further details
of the task.

2.4.2.2 n-back Working Memory Task: Participants additionally performed a digit 7~
back working memory task containing four levels of difficulty (0-back, 2-back, 3-back, 4-
back). Using a blocked design, participants were presented with digits (‘2’-’9) and
indicated whether the currently presented stimulus matched the one presented 2 trials
previously using a button press (SAME/DIFFERENT; see Supplemental Figure 2 for a
depiction of the task). At the beginning of each block participants were prompted with a 5
sec cue indicating the 7-back condition for that block (0-, 2-, 3-, or 4-back), followed by a 2
sec fixation, and then presentation of the digit stimuli for 500 ms. Each of the three runs
consisted of 8 blocks, including 2 blocks for each level of difficulty. Functional imaging data
including this set of participants has been previously presented in (Kennedy et al., 2017);
refer to this article for further details of the task.

2.4.3 fMRI Data Analysis

2.4.3.1 DJ Task: Individual subject- and group-level statistical analyses of fMRI data were
conducted in the general linear model (GLM) framework in SPM8. Individual-level
contrasts representing each level of difficulty (easy, medium, hard) were computed by
convolving the BOLD response during each block of that condition with a canonical
hemodynamic response function (HRF). A linear contrast (using mean centered contrast
weightings of —1, 0, 1) was also computed for each participant that measured parametrically
increasing task difficulty (easy < medium < hard). This linear contrast allows for
examination of both up-modulation and down-modulation of the BOLD response to
increasing task difficulty (i.e., greater activation or deactivation, respectively, as a function
of task difficulty).

At the group-level, voxel-wise linear regression was performed to test for effects of
frontostriatal diffusion metrics, age, and their interaction on BOLD modulation to task
difficulty. The voxel-wise linear regression models included an intercept term, continuous
FA or MD (expressed here and in all subsequent analyses as mm?/sec multiplied by 1000)
terms, a continuous age term, and an interaction between the diffusion metric and age,
controlling for sex (dummy-coded) and a continuous measure of global white matter FA or
MD. Mean global white matter diffusion was included in the model to test whether any
observed frontostriatal effects on BOLD modulation or interactions with age were regionally
specific. In these and all following models, continuous variables included in interactions
were standardized.

2.4.3.2 n-back Task: For the n-back task, individual-level contrasts representing each
level of task difficulty (0-back, 2-back, 3-back, 4-back) were computed by convolving the
BOLD response during each block of that condition with a canonical HRF. Similar to the DJ
task, a linear contrast measuring parametrically increasing task difficulty (0-back < 2-back <
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3-back < 4-back) was computed for each participant (using mean-centered contrast weights
of —2.25, -0.25, 0.75, 1.75). These contrast weights were chosen to reflect the presumed
step-wise increases in difficulty of the n-back task from 0-2-3-4-back. This linear contrast
allows for examination of positive and negative modulation of the BOLD response to
increasing working memory load. Identical to that conducted with the DJ task, group-level
voxel-wise linear regression was performed to test for effects of frontostriatal diffusion
metrics, age, and their interaction on BOLD modulation to increasing 7-back load. These
models, again, included an intercept term, continuous FA or MD terms, a continuous age
term, and an interaction between the diffusion metric and age, controlling for sex (dummy-
coded) and a continuous measure of global white matter FA or MD.

fMRI results for both tasks were thresholded at cluster-corrected FWE p < .05 and a whole-
brain voxel-wise height threshold of p < .001, and the minimum critical extent threshold
reported in SPM was used to identify significant clusters. For each task, the MarsBaR
toolbox (Brett et al., 2002) was used to extract individual participant mean parameter
estimates from identified clusters to be used in follow-up analyses conducted in R v3.5.2 (R
Core Team, 2018). fMRI activation results were overlaid on a template brain using MRIcron
(Rorden & Brett, 2000).

2.4.4 Statistical Analysis Approach—Separate linear regressions were performed to
test for age effects on frontostriatal diffusion metrics. In each model, the diffusion metric of
interest (FA or MD) served as the dependent variable and continuous age was the
independent variable, controlling for effects of sex. Because FA and MD often show non-
linear associations with age at different points in the lifespan (Hsu et al., 2010; Kennedy &
Raz, 2015; Lebel et al., 2012; Madden et al., 2012; Simmonds et al., 2014), these models
also included squared age to test for quadratic effects of age. To test the effects of
frontostriatal diffusion metrics and age on EF, an additional set of linear regressions were
conducted that included continuous age and diffusion metric (FA or MD), along with their
interaction, predicting individual differences in composite EF scores, controlling for sex and
global FA or MD.

Separate linear regressions were conducted to test whether BOLD modulation identified in
the previous functional analyses relates to EF. As no significant BOLD associations were
observed with frontostriatal FA, the following models were only run for MD. Both models
included continuous age, frontostriatal MD, and BOLD modulation to task difficulty (during
either the DJ or r-back task) and all interactions, predicting performance on the EF
composite. Additionally, to examine effects of BOLD modulation to difficulty on fMRI task
accuracy, separate mixed-effects models were estimated for the DJ and 7+back tasks using
the /merfunction in R. For the DJ task a model predicting mean DJ task accuracy was
estimated that included fixed effects of continuous age, frontostriatal MD, and striatal
BOLD modulation to difficulty in the DJ task, along with a random intercept on participant
and random slope on difficulty level, and all interactions. Similarly, for the /+back task a
mixed-effects model predicting mean r+back accuracy was estimated that included fixed
effects of continuous age, frontostriatal MD, and BOLD modulation to working memory
load, along with a random intercept on participant and random slope on memory load and all
interactions.
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3. Results

3.1 Task Performance

3.2 Effects

3.3 Effects

Means and standard deviations of executive function performance and accuracy on both
fMRI tasks are included in Table 1. The number of participants contributing to each variable
are also listed, as the number of participants with both DTI and fMRI data for each fMRI
task varied slightly.

of Age on Frontostriatal Diffusion Metrics

Table 1 includes means and standard deviations of the white matter diffusion metrics in the
frontostriatal tract. Because FA and MD are the most commonly reported metrics in the
extant literature, we focus on those metrics in subsequent reporting of results; however,
patterns of results were similar to that of MD in all analyses with the other diffusivity
measures (axial and radial diffusivity). A linear regression with age and age-squared
predicting FA, controlling for sex, indicated that there was a significant linear effect of age
on FA (H1,165) = 68.44, p< .001, rlpz =0.29), such that frontostriatal FA decreased linearly
with increasing age (Figure 1B, left panel); yet there was no significant quadratic age
association with FA (A1,165) = 0.18, p=0.67, rlpz =0.001). A similar model with age and
age-squared predicting MD demonstrated significant linear (A1,165) = 123.95, p<.001,
n,? = 0.43) and quadratic (A1,165) = 39.60, p < .001, ) ,2 = 0.19) associations with age,
such that the negative effect of age on frontostriatal MD accelerates with increasing age
(Figure 1B, right panel).

of Age-related Diffusion Metrics on Executive Function

Linear regressions with FA, age, and their interaction, controlling for sex and global FA
yielded a main effect of age on EF (A1,163) = 27.63, p< .001, r1p2 = 0.15), no main effect
of FA on EF (H1,163) = 1.62, p=0.206 , qu =0.01), and importantly a significant age by
FA interaction on EF performance (A1,163) = 4.67, p=0.032, qu =0.03). Specifically,
higher tract FA values were associated with poorer EF scores, but only for younger ages.
Simple slopes analyses and the Johnson-Neyman procedure (Preacher et al., 2006) were
used to probe this and all following interactions between continuous variables. This
procedure allows for estimation of regions of significance of the effect of the independent
variable on the dependent variable at different points of the moderator. Results indicated that
the association between FA and EF was significant up to approximately age 37, and became
non-significant from middle-age on, suggesting a potential protracted developmental effect
of frontostriatal white matter on EF. When modeling the effects of MD and age on EF
performance, covarying for sex and global MD, we again found a significant main effect of
age on EF (A1,163) = 16.92, p<.001, rlpz = 0.09), no main effect of MD on EF (A1,163)
=0.51, p=0.475, rlpz = 0.003), and a significant age by MD interaction on EF (A1,163) =
4.16, p=.043, qu = 0.02). Results indicated that higher MD values were associated with
poorer EF scores only in older age (i.e., a significant association was observed for those > 73
years of age). See Figure 1C for visualization of these effects of age on frontostriatal metrics
and EF performance (see also Supplemental Figure 3A-B for regions of significance plots
for the interactions).
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3.4 Association Between Frontostriatal Diffusion Metrics and BOLD Modulation

Results of the whole-brain analyses did not identify any significant regions demonstrating
associations between FA and BOLD modulation or any interactions between age and FA on
modulation in either fMRI task. Rather, the whole-brain analyses investigating effects of
MD on modulation indicated that age significantly moderated the association between
frontostriatal MD and BOLD modulation across the two independent fMRI tasks.
Interestingly, in this whole-brain search, activation was selective to clusters spanning the left
and right basal ganglia in the DJ and r+back tasks, respectively (see Figure 2A; Table 2).
Specifically, age moderation was evident in the left dorsal and ventral caudate and ventral
putamen, extending into globus pallidus and nucleus accumbens in the DJ task, and in the
right dorsal caudate and putamen, extending into globus pallidus and insular cortex for the 7~
back task3. To determine whether BOLD modulation to task difficulty across the two tasks
(DJ and n-back) were related to each other, we correlated the parameter estimates extracted
from the striatal clusters evidencing significant associations between MD and difficulty
modulation of BOLD activation in both tasks. There was a significant positive correlation
between BOLD modulation in the striatum across the two tasks (r=0.21, p=0.012),
providing evidence of concordance in modulation across the two hemispheres and the two
independent fMRI tasks.

3.5 Decomposition of Age x MD Interaction on BOLD Modulation

3.5.1 DJTask

The whole-brain analysis revealed a significant interaction between age and MD on BOLD
modulation to task difficulty in the distance judgment task. This effect on modulation was
localized to a cluster in the left striatum, including dorsal and ventral caudate and ventral
putamen (see Table 2 for coordinates and statistics). Mean parameter estimates from the
cluster were extracted to further interrogate the nature of the interaction. This analysis,
combined with subsequent simple slopes analyses using the Johnson-Neyman procedure,
indicated that there was a significant negative association between MD and BOLD up until
age 58 where it became non-significant. (see Figure 2B; see also Supplemental Figure 3C
for regions of significance plot). More specifically, younger- and middle-aged individuals
showed reduced dynamic range in response to greater task difficulty as a function of
increasing frontostriatal diffusivity. Younger individuals with lower levels of MD in
frontostriatal white matter showed greater positive modulation to task difficulty in the
striatum, and this decreased as a function of increasing MD, suggesting a disruption of
striatal modulation early in the lifespan in individuals with more degraded frontostriatal
white matter. Importantly, both positive and negative modulation (i.e., increased and
decreased activation in response to task difficulty, respectively) decreased with age, and was
less related to frontostriatal MD levels.

3Inclusion of whole brain gray and white matter volume covariates (residualized for intracranial volume), to adjust for age-related
differences in brain volume, did not alter the results in either task or for either covariate.
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3.5.2 n-back Task

The whole-brain analysis in the 7-back fMRI task also indicated a significant interaction
between age and MD on BOLD modulation to increasing working memory load. This effect
was localized to a cluster in the right striatum, encompassing dorsal caudate and putamen,
and extending into insula (see Table 2 for coordinates and statistics and Figure 2A for
activation map). Similar to that for the DJ task, simple slopes analyses indicated a significant
negative association between MD and BOLD up until age 60 where it became non-
significant, with younger- and middle-aged adults showing reduced dynamic range of BOLD
response to increased working memory load as a function of increasing frontostriatal
diffusivity (see Figure 2B; see also Supplemental Figure 3D for regions of significance plot).
Younger individuals with lower frontostriatal MD showed greater positive modulation to
task difficulty in the striatum, which decreased as a function of increasing MD, and this
range of modulation decreased with increasing age.

3.6 Association of BOLD Modulation with Cognition

3.6.1 DJ task—Lastly, we sought to identify associations between striatal modulation
and executive function and/or performance on each associated fMRI task. A significant
three-way interaction was found among age, frontostriatal MD, and striatal BOLD
modulation to task difficulty when predicting EF performance (A1,138) = 4.64, p=0.033,
rlpz =0.03), such that MD and age moderated the association between BOLD modulation
and EF. Interrogation of this interaction suggested that at lower levels of MD (-1 SD below
the mean), greater modulation to increasing difficulty in the DJ task was associated with
better EF performance, only in older ages. A simple slopes analysis suggested that this
association was significant only for those aged 60 and above. Therefore, at higher levels of
MD (mean and above), there was no significant association between modulation and
executive function at any point in the lifespan (see Supplemental Figure 4A-B for depiction
of this interaction and regions of significance plots). The mixed-effects model on change in
DJ task accuracy across level of difficulty identified no significant main effects of age, MD,
or modulation, nor any interactions between these variables.

3.6.2 n-back Task—The linear regression including interactions between age,
frontostriatal MD, and striatal BOLD modulation to /-back working memaory load predicting
EF revealed only a main effect of age (H1,147) = 14.21, p<.001, qu =0.09; all other /s <
2.62, all ps > 0.11). However, the mixed-effects model on n-back accuracy revealed a
significant interaction between age, MD, and change in working memory load on accuracy
(A1,147) =5.73, p=0.018). In younger ages, increasing frontostriatal MD was associated
with a steeper decline in accuracy across increasing levels of working memory load. This
association flipped in older ages, where greater frontostriatal MD was associated with less
steep decrease in accuracy across level of task difficulty. The mixed-effects model also
revealed a significant interaction among MD, modulation, and change in working memory
load on mean accuracy (A1,147) = 4.24, p=0.041; see Figure 2C). While there is little
association between striatal BOLD modulation and differences in accuracy across working
memory loads at lower frontostriatal MD, the negative association between modulation and
change in accuracy increases as a function of increasing MD. Less negative modulation (i.e.,
less deactivation with increasing load) is associated with greater decline in /+back accuracy
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as working memory load increases, only at higher levels of frontostriatal MD, regardless of
age.

4. Discussion

Frontostriatal circuitry is critical to a variety of cognitive functions across human and animal
species. In humans, gray matter regions within this network are among the most sensitive to
aging, yet investigation of lifespan age effects on the structural circuitry connecting these
regions is still limited. To our knowledge, the present study is the first to relate frontostriatal
white matter measured in a lifespan sample to age-related alterations in both executive
function and BOLD modulation. The results support theories of cortical disconnection,
demonstrating that aging is accompanied by degraded frontostriatal white matter
microstructure, and that these age-related alterations are associated with individual
differences in EF performance, as well as a reduced range of functional modulation to
cognitive challenge in early- to middle-adulthood.

In line with the few studies that have examined aging effects on cortico-striatal white matter
FA (Samanez-Larkin et al., 2012; Vik et al., 2015; Ystad et al., 2011), we observed linear
decreases in FA across the adult age span. We additionally demonstrated that effects of age
on overall diffusivity (MD) accelerate quadratically with increasing cross-sectional age.
Together, these results indicate the negative effect of age on microstructural properties of
frontostriatal white matter, in terms of both directionality and rate of diffusion of molecular
water in tracts innervating the frontal cortex and striatum. While these white matter
properties serve as indirect measures of underlying cellular architecture, an abundance of
research shows age-related alterations in striatal and extrastriatal dopaminergic
neuromodulation (Kaasinen et al., 2000; Rinne et al., 1990), which affects the efficiency of
information processing and communication in the human brain (Li et al., 2001). In fact,
dopamine transporter availability has been linked to white matter health in older adults
(Rieckmann et al., 2016), indicating one possible mechanism of age-related white matter
degradation. This, however, was not localized to frontostriatal white matter, highlighting a
future need to examine associations between dopaminergic signaling and frontostriatal
structural circuitry across the lifespan.

Age effects on dopaminergic processing and striatal function also contribute to age
differences in performance on tasks engaging cognitive control processes and executive
functioning (for review: Backman, Nyberg, & Farde, 2006). Consistent with this previous
observation, age differences in frontostriatal white matter in our sample were related to
individual differences in a composite EF measure. Higher MD was associated with reduced
EF performance as a function of increasing age, indicating a negative influence of age-
related alterations in frontostriatal diffusivity on EF. Higher FA, however, was associated
with reduced EF performance only in an earlier portion of the lifespan. This may be
indicative of the protracted development of white matter tracts innervating frontal regions,
which is commonly observed to increase in adolescence and into adulthood, peaking
somewhere between age 20-40 (Klingberg, et al., 1999; Lebel et al., 2012). Whereas lower
FA in older adults (and in various types of patients) is generally associated with poorer white
matter quality, in development lower FA is seen as beneficial, perhaps reflecting proper

Neurobiol Aging. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wehbb et al.

Page 13

pruning and increased organization and coherence. Thus, this result may reflect the fact that
our younger adult participants are still in a protracted developmental stage where higher FA
is associated with developmental alterations to frontostriatal white matter microstructure and
poorer EF (Simmonds et al., 2014). This result, however, requires further replication in
lifespan samples that span earlier childhood and developmental periods and include higher
order EF tasks. Together, these results not only demonstrate the relevance of this specific
tract for executive functioning, but also highlight that different white matter metrics may
have divergent influences on executive function at different points in the lifespan.

Frontostriatal white matter measures were not only related to EF, but also showed age-
varying associations with modulation of BOLD activation to increasing task demands, and
further moderated associations between BOLD and behavior. Specifically, results of a
whole-brain search indicated that greater MD was associated with reduced dynamic range of
activation exclusively in the striatum, and this effect was strongest in young- to middle-
adulthood (up until around age 60). Interestingly, we did not observe associations between
frontostriatal white matter connectivity and BOLD activation in older individuals,
potentially suggesting white matter alterations have more of an effect on functional
modulation in middle, rather than older, age. It is also likely the case that by old age
additional salient factors (e.g., cortical volume/thickness, beta-amyloid or iron accumulation,
vascular health, etc.) converge to influence brain function, and these factors may be as, if not
more, relevant to individual differences in BOLD modulation. These results highlight the
relevance of age-related differences in structural white matter properties to regulation of
neural function and cognition, supporting the idea that the structure of the brain affects its
function differentially across the lifespan (Warbrick et al., 2017; Webb, et al., 2020).
Importantly, the pattern of age effects on this structure-function association was evident for
both the rback and the distance judgment tasks that involved manipulations of difficulty.
This highlights a main strength of the current study in that we had the unique opportunity to
measure within-person effects across tasks on neural responses to cognitive challenge. We
demonstrated converging effects of frontostriatal white matter microstructure on BOLD
modulation to difficulty across two independent fMRI tasks within an individual. Thus,
frontostriatal structural white matter influences on striatal response to difficulty
manipulations appear, at least in these paradigms, to be somewhat task-general.

The effect of frontostriatal white matter on striatal activation in both tasks was mostly driven
by reductions in positive modulation to cognitive demand in adults middle-aged and
younger. Using structural equation modeling, we have previously shown that age-related
degradation of a latent white matter factor (including major heteromodal and association
tracts) is associated with reduced positive modulation to task demand across a working
memory-related network (Wehb et al., 2020). Here, we illustrate specificity in this
association demonstrating that frontostriatal white matter diffusivity influences the degree to
which activation in the striatum is modulated in response to increased cognitive load. Striatal
activation is consistently evident in tasks involving executive control and decision-making
across a variety of contexts (Grahn et al., 2008; Postle & D’Esposito, 1999), and is thought
to reflect a gating mechanism that exerts control over attentional and executive processes.
Moreover, areas of the striatum are often coactive with dorsal prefrontal cortex in such tasks
(Postuma & Dagher, 2006), and studies have linked both altered striatal-prefrontal resting
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state and functional connectivity with age differences in decision-making, executive
function, and memory performance (e.g., Su et al., 2018; Ystad et al., 2010, 2011). While we
did not detect associations between frontostriatal white matter and functional modulation in
the frontal cortex, the present results suggest that the white matter connecting frontostriatal
networks influences the functioning of subcortical gray matter within this network. Further
studies investigating how lifespan age differences in white matter are related to functional
connectivity within this network both during task and at rest are needed. While our data
cannot directly inform understanding of dopamine neuromodulation, reduced striatal
response may reflect altered striatal dopaminergic functioning in younger individuals
evidencing more degraded frontostriatal white matter. It may also be the case that
frontostriatal white matter is a reflection of less efficient dopaminergic modulation that
contributes to greater noise and reduced fidelity of neuronal function (Li et al., 2001). In
fact, Samanez-Larkin et al. (2010) demonstrated a link between age-related alterations in
temporal variability of striatal neural activation and financial decision-making. Further
elucidating these differences requires future examination of neuromodulation combined with
structural and functional imaging of frontostriatal networks across the lifespan.

Previous work from our lab and others additionally demonstrates that the degree of BOLD
modulation, either positive or negative, is related to both fMRI task and out-of-scanner
cognitive performance (e.g., Hakun & Johnson, 2017; Kennedy et al., 2017; Rieck et al.,
2017). In the current study, older individuals with more intact frontostriatal microstructure
showed a positive association between striatal modulation and EF performance in the DJ
task, yet there was no association between modulation and EF in individuals of any age
exhibiting poorer white matter connectivity. Therefore, intact frontostriatal microstructure in
older age may serve to support striatal responses to cognitive challenge, where this ability to
modulate is associated with better general EF ability. While we did not observe associations
between BOLD modulation and EF performance in the n-back task, we did identify a
relationship with in-scanner working memory performance. Regardless of age, individuals
exhibiting poorer white matter microstructure showed steeper declines in r+back
performance across working memory load as a function of striatal modulation. This finding
suggests that frontostriatal white matter connectivity may play a role in modifying the
degree to which functional modulation supports task accuracy across increasing difficulty,
with more degraded white matter exerting a greater influence on activation-behavior
associations across age.

The present results should be considered in the context of study strengths and limitations. It
is important to acknowledge that a different selection of seed regions (e.g., inclusion of
portions of anterior cingulate) could elicit different associations between diffusion metrics
and EF. Future studies including high-resolution structural (e.g., biophysical diffusion
models) and functional (e.g., of PFC and striatum) imaging would help further disentangle
how different portions of frontostriatal networks differentially relate to age and various
components of executive function. Additionally, in samples that span the adult lifespan there
is the potential for age-related volumetric biases in fMRI spatial registration when using a
standard template. Inclusion of whole brain gray and white matter volume covariates
(residualized for intracranial volume), as an attempt to account for this possible issue did not
alter the fMRI findings in the present study, which helps mitigate against this bias. Lastly,
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longitudinal data are necessary to quantify individual age-related progression of
frontostriatal white matter integrity degradation, as well as to identify associations between
different white matter indices and executive function performance across time.

Overall, the present findings illustrate that age-related alterations in frontostriatal white
matter negatively affect both executive function and dynamic range of functional modulation
to cognitive challenge, supporting theories positing that cortical disconnection contributes to
cognitive dysfunction. While performance on EF tasks is sensitive to frontostriatal white
matter alterations across age, frontostriatal circuity influences the ability to flexibly
modulate striatal BOLD activity earlier in the lifespan, and this has consequences for EF and
task performance. Our multi-task fMRI results indicate that white matter is important for
dynamic functional modulation to increasing task demands in early- and middle-adulthood
broadly across different cognitive tasks. Collectively, the present results lend support to
cortical disconnection theories, suggesting that structural degradation contributes to
alterations in brain and cognitive function (Bartzokis, 2004; O’Sullivan et al., 2001), and
inform our understanding about how white matter tracts innervating cortical and subcortical
structures influence cognitive and brain function across the lifespan. However, the current
results indicate that these associations might be most evident in younger- to middle-age,
highlighting the need to capture brain changes occurring earlier in the age span.
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Highlights

. Aging is accompanied by degraded frontostriatal (FS) white matter
microstructure

. FS microstructure is associated with individual differences in executive
function

. Affects range of functional modulation to cognitive challenge early in the
lifespan
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Figure 1.
A) Frontostriatal tracts obtained from diffusion tractography in an example participant. Gray

3D regions depict caudate and putamen masks used as seeding points and colored
streamlines depict the resulting frontostriatal tracts projecting into prefrontal cortex. Colors
represent direction of tracts: Green = anterior-posterior; Red = left-right; Blue = superior-
inferior; B) Effects of age on frontostriatal white matter fractional anisotropy (FA; left) and
mean diffusivity (MD; right) where FA evidences a linear worsening with age and MD an
accelerated worsening with increasing age; C) Age moderation of frontostriatal FA (left) and
MD (right) associations with executive function (EF) composite performance, with higher
values of EF corresponding to better executive functioning. Note: Data points in Panel C
represent partial residuals covarying for sex and global FA or MD, respectively. Depicted
MD values are expressed in mm?2/sec multiplied by 1000.
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Striatal BOLD Modulation

Striatal BOLD Modulation

Slope of n -back Accuracy
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DJ task: Age moderates
MD-Modulation association
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A) Age moderates frontostriatal diffusivity effects on BOLD modulation in the striatum
during both the DJ task (teal) and the r-back task (purple); B) Age moderates associations
between frontostriatal mean diffusivity (MD) and striatal BOLD modulation on the DJ task
(top) and r+back task (bottom); C) The association between modulation to difficulty on the
n-back task and change in 7-back accuracy across working memory levels is modified by
frontostriatal integrity. Note: Data points in Panel B represent partial residuals covarying for
sex and global MD. Depicted MD values are expressed as mm?2/sec multiplied by 1000.
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Participant demographics, task performance, and frontostriatal tract diffusion metric

Page 22

Younger (20-35) Mean
(SD)

Middle (36-55) Mean
(SD)

Older (56-69) Mean
SD

Oldest (70-94) Mean

Demographics N=44
Sex N (M/W) 20/24
Education (years) 15.55 (2.19)
MMSE 29.16 (0.96)
CES-D 4.66 (3.61)

EF Performance
CWI (sec) 27.26 (12.73)
TMT (sec) 34.34 (16.22)
Verbal Fluency (# correct) 14.23 (3.08)

Frontostriatal Diffusion Metrics
FA 0.37 (0.01)
MD (mm?/sec)*1000 0.76 (0.02)

DJ Task Accuracy? N=41
Easy 0.97 (0.07)
Medium 0.95 (0.08)
Hard 0.69 (0.15)

n-back mskAccuracyb N=41
no 0.97 (0.05)
n2 0.93 (0.05)
n3 0.86 (0.06)
n4 0.83 (0.06)

N=49
22127
15.22 (2.51)
29.22 (0.82)
4.76 (4.33)

30.74 (7.96)
42.73 (22.47)
13.94 (3.21)

0.36 (0.02)
0.76 (0.02)
N=43
0.97 (0.05)
0.93 (0.08)
0.73(0.18)
N=46
0.93 (0.11)
0.85 (0.12)
0.78 (0.10)
0.76 (0.10)

N=39
16/23
15.69 (2.45)
28.85 (0.84)
3.69 (3.27)

32.94 (10.01)
50.10 (23.53)
14.23 (2.84)

0.36 (0.01)
0.77 (0.02)
N=34
0.95 (0.07)
0.88 (0.14)
0.71 (0.23)
N=35
0.95 (0.10)
0.84 (0.12)
0.76 (0.09)
0.75 (0.08)

N=37
15/22
15.49 (2.82)
28.76 (0.68)
4.08 (3.88)

42.87 (16.76)
58.30 (28.16)
11.16 (3.48)

0.35 (0.02)
0.81 (0.04)
N=28
0.96 (0.06)
0.86 (0.14)
0.78 (0.17)
N=33
0.93 (0.10)
0.79 (0.12)
0.73 (0.08)
0.72 (0.07)

Note: In all analyses, age was used as a continuous predictor, but is shown by arbitrary groups for demographic and behavioral data reporting.

aN: 146 subset of participants with DJ (distance judgment task) fMRI data;

sz 155 subset of participants with 7-back fMRI data; SD = standard deviation; M = men; W = women; Education is presented in years; MMSE =
Mini-Mental Status Exam; CES-D = Center for Epidemiological Studies Depression Scale; EF = executive function; CWI = Color-Word
Interference, measured as time (sec) to complete switching and inhibition conditions, adjusted for time to complete simple color naming and word
reading; TMT = Trail Making Test, measured as time (sec) to complete number/letter switching, adjusted for time to complete simple number and
letter sequencing; Verbal fluency measured as accuracy on the category switching trials; FA = fractional anisotropy; MD = mean diffusivity,

represented as mm2/sec*1000.
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Table 2.

Cluster peaks associated with interactions between age and frontostriatal mean diffusivity

p-value (cluster-wise

H k X y z  tvalue FWE)
DJ task
striatum (dorsal and ventral caudate, ventral putamen, globus pallidus, L 213 -21 12 12 428 0.003
nucleus accumbens)
n-back task
striatum (dorsal caudate and putamen, globus pallidus, insula) R 118 24 6 6 4.46 0.031

Note: DJ = distance judgment task; H = hemisphere, & = cluster extent, number of voxels; x, y, z MNI coordinates, FWE cluster-corrected at p
<.001, whole-brain search
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