
lable at ScienceDirect

Neurobiology of Aging 54 (2017) 199e213
Contents lists avai
Neurobiology of Aging

journal homepage: www.elsevier .com/locate/neuaging
Sources of disconnection in neurocognitive aging: cerebral
white-matter integrity, resting-state functional connectivity,
and white-matter hyperintensity volume

David J. Madden a,b,*, Emily L. Parks a,b, Catherine W. Tallman a, Maria A. Boylan a,
David A. Hoagey a, Sally B. Cocjin a, Lauren E. Packard a, Micah A. Johnson a,
Ying-hui Chou a,b, Guy G. Potter a,b, Nan-kuei Chen a,c, Rachel E. Siciliano a,
Zachary A. Monge d, Jesse A. Honig a, Michele T. Diaz e

aBrain Imaging and Analysis Center, Duke University Medical Center, Durham, NC, USA
bDepartment of Psychiatry and Behavioral Sciences, Duke University Medical Center, Durham, NC, USA
cDepartment of Radiology, Duke University Medical Center, Durham, NC, USA
dCenter for Cognitive Neuroscience, Duke University, Durham, NC, USA
eDepartment of Psychology, Pennsylvania State University, University Park, PA, USA
a r t i c l e i n f o

Article history:
Received 20 May 2015
Received in revised form 5 January 2017
Accepted 6 January 2017

Keywords:
Magnetic resonance imaging
Diffusion tensor imaging
Cognition
Cortex
Mediation
* Corresponding author at: Brain Imaging and Ana
University Medical Center, Durham, NC 27710, USA. T
681-7033.

E-mail address: david.madden@duke.edu (D.J. Mad

0197-4580/$ e see front matter � 2017 Elsevier Inc. A
http://dx.doi.org/10.1016/j.neurobiolaging.2017.01.027
a b s t r a c t

Age-related decline in fluid cognition can be characterized as a disconnection among specific brain
structures, leading to a decline in functional efficiency. The potential sources of disconnection, however,
are unclear. We investigated imaging measures of cerebral white-matter integrity, resting-state func-
tional connectivity, and white-matter hyperintensity volume as mediators of the relation between age
and fluid cognition, in 145 healthy, community-dwelling adults 19e79 years of age. At a general level of
analysis, with a single composite measure of fluid cognition and single measures of each of the 3 imaging
modalities, age exhibited an independent influence on the cognitive and imaging measures, and the
imaging variables did not mediate the age-cognition relation. At a more specific level of analysis, resting-
state functional connectivity of sensorimotor networks was a significant mediator of the age-related
decline in executive function. These findings suggest that different levels of analysis lead to different
models of neurocognitive disconnection, and that resting-state functional connectivity, in particular, may
contribute to age-related decline in executive function.

� 2017 Elsevier Inc. All rights reserved.
Age-related decline is frequently observed in behavioral mea-
sures of fluid cognitive ability such as elementary perceptual speed,
attention, executive function, and episodic memory, whereas
measures of crystallized abilities relating to knowledge and exper-
tise exhibit little or no decline during healthy aging (Howard and
Howard, 2013; Park et al., 2002; Salthouse, 1996, 2004). From
neuroimaging measures, particularly magnetic resonance imaging
(MRI), researchers have identified many aspects of brain structure
and function that also decline during adult aging, even in the
absence of frank disease (Fjell and Walhovd, 2010; Grady, 2012;
Hedden and Gabrieli, 2004; Walhovd et al., 2011). A disconnection
model of neurocognitive aging, building on the clinical neurological
model of Geschwind (Catani and ffytche, 2005; Geschwind,
lysis Center, Box 3918, Duke
el.: 919-681-9345; fax: 919-

den).

ll rights reserved.
1965a,b), is emerging as a theoretical framework for the diverse
pattern of individual differences in structural and functional brain
measures associated with age-related differences in cognitive
functioning (Bartzokis, 2004; Bennett and Madden, 2014; Charlton
et al., 2006; Fjell and Walhovd, 2010; Fjell et al., 2016; Greenwood,
2000;Madden and Parks, 2017; O’Sullivan et al., 2001; Peters, 2002;
Salat, 2011). Because fluid cognition relies on the speed and effi-
ciency of communication among large-scale neural networks, the
disruption of network connections, evenwhen not due to a specific
disease, can lead to decline in cognitive performance.

A critical issue for the disconnection model is whether specific
aspects of brain structure and function contribute differentially to
age-related cognitive decline. In addition, this issue is relevant
for clinical translation, in the context of identifying relevant
biomarkers of neurocognitive function, as targets for possible
intervention and rehabilitation (Bishop et al., 2010; Buckner, 2004;
Jagust, 2013; Seeley et al., 2009). Hedden et al. (2016), for example,
examined a wide range of structural and functional brain imaging
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measures, and behavioral measures, in 186 healthy older adults
65e90 years of age. These authors found that although a large
portion of the age-related variance in cognition was shared among
brain imaging measures, individual measures did exhibit unique
associations with age-related decline in perceptual speed, executive
function, and episodic memory. In a superset of the Hedden et al.
data, analyses of resting-state functional connectivity networks
indicated that frontoparietal connectivity was a mediator of the
relation between other resting-state networks and cognition
(Shaw et al., 2015). Fjell et al. (2016) comparedmultiplemeasures of
structural and functional brain connectivity, including resting-state
functional connectivity, white-matter connectivity from diffusion
tensor imaging (DTI), white-matter volume, and cortical thickness,
as mediators of longitudinal decline (over a 3.3 years interval), in
executive function (Stroop interference). This set of imaging mea-
sures accounted for 82.5% of the variance in longitudinal decline in
executive function, with the largest influence from white-matter
volume.

In characterizing the sources of neurocognitive disconnection, it
is important to consider alternative models of the age-related dif-
ferences in brain imaging and cognitive measures. Salthouse
(2011b, 2017) has pointed out that many of the findings that have
been interpreted as reflecting specific mediation of age-cognition
relations, by specific aspects of brain structure or function, may
actually reflect the independent effects of age on the brain and on
cognition. Further, it is important to consider the level of analysis as
well as the alternative models. Salthouse et al. (2015) have pro-
posed that because brain imaging measures that are treated as in-
dependent are often highly correlated, age-related effects that
appear to be regionally specific may be dependent on the variance
shared with other related imaging variables, which would be
observable at a more general level of analysis. From factor analyses
of the relation between cortical thickness (from 33 brain regions)
and cognition (from 12 cognitive measures) in 297 adults between
20 and 79 years of age, Salthouse et al. proposed that many of the
cortical thickness-cognition relations appeared to be operating at a
broad level representing what is common among many measures
and not exclusively at the level of individual factors or measures.
Similarly, the pattern of age-related differences suggested inde-
pendent effects of age on the cortical thickness and cognitive
measures. Other analyses of this data set, however, using more
regionally specific imaging measures, have identified mediation of
age-related cognitive effects by localized patterns of cortical
thickness (Lee et al., 2016) and white-matter integrity (Gazes et al.,
2016). The Lee et al. and Gazes et al. findings raise the possibility
that specific influences of brain structure and function, on age-
related differences in cognition, will be more apparent when
brain imaging variables have greater anatomical specificity.

In this research, our goal was to compare 2 different models of
age-related disconnection of neurocognitive function, one in which
age has independent influences on the brain and fluid cognition
(Salthouse, 2011b, 2017; Salthouse et al., 2015), and an alternative
model inwhich aspects of brain structure and function aremediators
of the age-cognition relation (Fjell et al., 2016; Gazes et al., 2016;
Hedden et al., 2016; Lee et al., 2016). We also investigated the age-
related effects at different levels of analysis, to determine whether
mediating effects are more clearly evident with regionally specific
imaging measures. As an investigation of brain imaging mediators of
age and cognition, this study is unique, to our knowledge, in the use
of regionally specific measures from multiple imaging modalities,
and multiple cognitive measures, across a wide age range of
19e79 years. We focused on 3 fluid cognitive abilities: elementary
perceptual speed, executive function, and memory, which have
exhibited distinguishable age-related effects in previous research
(Borghesani et al., 2013; Hedden et al., 2016; Kennedyand Raz, 2009).
We chose 3 imaging modalities with established relations to adult
age and fluid cognition: the integrity of normal-appearing cerebral
white-matter, as measured by DTI (Bennett and Madden, 2014;
Carmichael and Lockhart, 2012; Madden et al., 2012; Sullivan and
Pfefferbaum, 2011), the functional connectivity of brain networks
as assessed from resting-state functionalMRI (fMRI; Andrews-Hanna
et al., 2007; Biswal et al., 2010; Ferreira and Busatto, 2013; Shawet al.,
2015; Tomasi and Volkow, 2012), and white-matter hyperintensities
(WMHs) on T2-weighted imaging, which are indicative of white-
matter lesions due to cerebrovascular insufficiencies (Birdsill et al.,
2014; Madden and Parks, 2017; Maillard et al., 2012; Salat, 2014a,b).

We hypothesized that different models of age-related differences
in the brain imaging and cognitive measures would be apparent at
different levels of analysis. At the more general level of analysis, with
general fluid cognition defined from a composite of all cognitive
measures, and each of the imaging modalities (white-matter
integrity, resting-state functional connectivity, and WMH volume)
defined as a composite measure from all of the indicator variables
within the modality, we predicted that age would have independent
effects on the cognitive and imaging measures. Specifically, we
predicted that age-related differences in the cognitive measures
would be independent of variation in the imagingmeasures, and that
age-related differences in the imaging measures would be inde-
pendent of individual differences in cognition (Salthouse, 2011b,
2017; Salthouse et al., 2015). When, in contrast, at a more fine-
grained level of analysis, with specific cognitive domains and
regionally specific imagingmeasures distinguished from their shared
variance, we expected that mediation of the age-cognitive relation,
by the imaging variables, would be observed (Fjell et al., 2016;
Gazes et al., 2016; Hedden et al., 2016; Lee et al., 2016).

Although many specific patterns of mediation are possible, in
the case of white-matter integrity and resting-state functional
connectivity, we were particularly interested in frontoparietal
regions, in view of the previous findings implicating frontoparietal
networks in age-related decline in speed and executive function
(Bennett and Madden, 2014; Gold et al., 2010; Kennedy and Raz,
2009; Monge et al., 2016; Shaw et al., 2015). In the case of WMH
volume, we distinguished periventricular (PV) hyperintensities
from those located in deep white-matter (DWM) regions. Previous
evidence suggests that PV WMHs have a relatively greater role in
age-related decline in fluid cognition, by disrupting long white-
matter tracts connecting cortical association regions (Smith et al.,
2011; Soderlund et al., 2006; van den Heuvel et al., 2006).

1. Materials and methods

1.1. Participants

The participants were 145 healthy, community-dwelling adults
(79 women) between 19 and 79 years of age recruited to be
distributed relatively equally across 3 age categories: 19e39 years
of age (n¼ 48), 40e59 years of age (n¼ 49), and 60e79 years of age
(n ¼ 48). Participants gave written informed consent for a protocol
approved by the Duke University Institutional Review Board. All
participants were right-handed by self-report, completed at least
12 years of education, were free from significant health problems
(including atherosclerosis, neurological, and psychiatric disorders)
andwere not takingmedications known to affect cognitive function
or cerebral blood flow (except antihypertensive agents).

During a testing session conducted on average approximately
1 month before the MRI session, participants completed several
screening tests and a practice version of a visual search task that was
to be performed during event-related scanning runs. (Behavioral and
imaging data for the event-related scanning will be reported sepa-
rately.) The screening tests were theMinieMental State Examination
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(Folstein et al., 1975); Beck Depression Inventory (Beck, 1978);
vocabulary subtest of the Wechsler Adult Intelligence Scale-III
(WAIS-III; Wechsler, 1997); corrected visual acuity (Bach, 1996),
and the Dvorine color vision test (Dvorine, 1963). During this testing
session before MRI scanning, participants also performed 9 tests of
fluid cognition (perceptual speed, executive function, and memory),
described in the later section, Cognitive Measures. Exclusion criteria
were any one of the following: raw score less than 27 on
MinieMental State Examination; score greater than 10 on the Beck
Depression Inventory; scaled score less than the 50th percentile on
WAIS-III vocabulary subtest; corrected visual acuity less than 20/40;
score less than 12 on the Dvorine color vision test; or accuracy less
than 75% in the visual search task. A total of 82 individuals were
excluded, due to either psychometric screening scores (23 in-
dividuals), vision (9 individuals), handedness (4 individuals), health
history (18 individuals), falling asleep during the resting-state scan
(5 individuals), MRI technical difficulties (12 individuals), visual
search task accuracy (5 individuals), or withdrawal from the study
(6 individuals). For the final sample of 145 participants, DTI data
were lost for 1 participant due to technical problems, but all other
data are complete for the remaining participants. Demographic
characteristics of the final 145 participants are presented in Table 1.
1.2. MRI data acquisition

We conducted imaging on a 3 T GE MR750 whole-body 60 cm
bore MRI scanner (GE Healthcare, Waukesha, WI, USA) equipped
with 50 mT/m gradients and a 200 T/m/s slew rate. An 8-channel
head coil was used for radio frequency reception. Head motion
was minimized with foam pads, and participants wore earplugs to
reduce scanner noise. Imaging began with 3-plane (straight axial/
coronal/sagittal) localizer fast spin echo images that defined a
volume for data collection. A semi-automated high-order shim-
ming program ensured global field homogeneity. Data acquisition
proceeded with 2 resting-state runs of T2*-weighted (functional)
imaging sensitive to the blood oxygen-leveledependent signal, 4 or
5 runs of event-related, T2*-weighted imaging (to be reported in
separate articles), 1 run of T1-weighted anatomical images, 2 runs
of diffusion-weighted imaging (DWI), and 1 run of T2-weighted
fluid-attenuated inversion recovery (FLAIR) imaging.

The T1-weighted anatomical images were 166 straight axial
slices acquired with a 3D fast inverse-recovery-prepared spoiled
gradient recalled (SPGR) sequence with TR ¼ 8.13 ms, echo time
(TE) ¼ 3.18 ms, inversion recovery time (TI) ¼ 450 ms, field of view
Table 1
Participant characteristics

Variable M SD Age r Age r2

Education (y) 16.614 1.966 0.374*** 0.140
MMSE 29.110 0.987 �0.241** 0.058
BDI 2.517 2.713 0.162 0.026
Vocabulary 56.097 6.297 0.148 0.022
Color vision 13.883 0.400 �0.190* 0.036
Visual acuity �0.065 0.118 0.299*** 0.089

Note. n ¼ 145.
*p < 0.05 (uncorrected).
**p < 0.01 (uncorrected).
***p < 0.001 (uncorrected).
Log MAR of 0 corresponds to Snellen 20/20, with negative values corresponding to
better resolution. Thus, the positive correlation for acuity represents age-related
decline in this measure.
Key: age r, correlation with age; age r2, variance accounted for by age; BDI, score on
Beck Depression Inventory (Beck, 1978); color vision, score on Dvorine color plates
(Dvorine, 1963); M, mean; MMSE, raw score on MinieMental State Exam (Folstein
et al., 1975); SD, standard deviation; visual acuity, logarithm of the minimum angle
of resolution (MAR), for the Freiburg Visual Acuity Test (FRACT; Bach, 1996);
vocabulary, raw score on the Wechsler Adult Intelligence Scale III (Wechsler, 1997).
(FOV) ¼ 256 mm � 256 mm, flip angle ¼ 12�, voxel size ¼ 1 � 1 �
1 mm, 256 � 256 acquisition matrix, and a sensitivity encoding
(SENSE) factor of 2, using the array spatial sensitivity encoding
technique and extended dynamic range.

The resting-state, T2*-weighted gradient-echo EPI functional
images were 29 contiguous slices acquired at an axial oblique
orientation, parallel to the plane including the anterior and poste-
rior commissures (AC-PC plane); TR ¼ 1500 ms, TE ¼ 27 ms, FOV ¼
240 mm � 240 mm, flip angle ¼ 77�, voxel size ¼ 3.75 � 3.75 �
4 mm, 64 � 64 acquisition matrix, and a SENSE factor of 1. Each of
the 2 runs comprised a time series of 162 brain volumes. Four initial
radio frequency excitations were performed to achieve steady state
equilibrium and were subsequently discarded. Participants were
instructed to remain awake with eyes open and to view a fixation
cross throughout the run.

DWI data of 68 contiguous slices (parallel to the AC-PC plane)
were acquired with a dual-echo spin-echo parallel EPI pulse
sequence with the following parameters: TR ¼ min 9000 ms, TE ¼
min 81.3 ms, FOV ¼ 256 mm � 256 mm, flip angle ¼ 90�, voxel
size¼ 1�1�2mm, acquisitionmatrix size¼ 128� 128, and SENSE
acceleration factor ¼ 2. The DWI scan used 30 diffusion-encoding
directions (b-value ¼ 1000 s/mm2) with 1 nondiffusion-weighted
b0 (0 s/mm2). Technical difficulty with DWI image acquisition led
to the removal of DTI data for 1 older adult.

The T2-weighted FLAIR images were 39 contiguous slices with
TR¼min 8000ms, TE¼min 120.156ms, FOV¼ 240mm� 240mm,
flip angle ¼ 90�, voxel size ¼ 0.9375 � 0.9375 � 3 mm, 256 � 256
acquisition matrix, and a SENSE factor of 1. Slice orientation was
axial oblique, parallel to the AC-PC plane.

1.3. Cognitive measures

We measured fluid cognitive performance from a battery of 9
tests, modified for computer administration (E-Prime; Psychology
Software Tools, Sharpsburg, PA, USA) and selected to sample 3
domains of cognition: elementary perceptual speed, executive
function, and memory, with 3 indicator variables per domain.
Following the approach of Hedden et al. (2012, 2016), we selected
the 3 tests for each domain on an a priori basis, and as described in a
subsequent section (analyses) obtained a summarymeasure of each
cognitive domain from a factor analysis of the 3 indicator variables.

1.3.1. Speed
The variables for the speed tests were mean RT for correct

responses in: (a) simple RT; (b) choice RT; and (c) RT on neutral
trials from a version of the Stroop task (Stroop, 1935). Simple and
choice RT were each a block of 80 trials in which the participant
either pressed a single response key at the onset of a white square
(simple RT) or pressed a left or right response key depending on the
direction of a left- or right-pointing arrow (choice RT). The Stroop
task (described in the following paragraph) included compatible,
incompatible, and neutral trials, and mean RT from the neutral
trials was included in the perceptual speed domain. Individual trials
were separated by a temporally jittered, blank interval, and RT was
measured from display onset.

1.3.2. Executive function
The executive function variables included: (a) digit-symbol

coding; (b) verbal fluency; and (c) Stroop interference. In the
digit-symbol task (Salthouse,1992), across 72 trials, a reference row
of 9 pairs of digits and symbols remained displayed at the top of the
screen, and participants made a yes/no key press response indi-
cating whether a centrally presented probe digit-symbol pair cor-
responded to one of the reference pairs. The probe and reference
pairs matched on 50% of the trials, and the digit symbol measure
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was mean RT for correct responses. The verbal fluency measures
included both phonemic fluency, using the letters F, A, and S
(Loonstra et al., 2001), and semantic fluency, using the animals
category (Goodglass and Kaplan, 1972). Both measures were the
number of items retrieved within 1 minute, which were then
summed. The Stroop interference measure was a computer-
administered version of the Stroop task (Stroop, 1935) in which 1
word was displayed in either red or blue on each trial and partici-
pants made a 2-choice manual response regarding the color of the
word. The displayed word was either “red,” “blue,” “art,” or “game”
(the latter 2 neutral words were comparable in number of letters
and word frequency to the color words). Across 120 trials, the word
and displayed color were either compatible or incompatible or
neutral (33% of trials per condition). The interference score was the
proportional increase in correct mean RT for responses in the
incompatible condition relative to the compatible condition:
(incompatible RTecompatible RT)/compatible RT.

1.3.3. Memory
The memory variables included: (a) the WAIS Digit Span subtest

(Wechsler,1997); (b) the delayedmemory subtest from the California
Verbal Learning Test (CVLT; Delis et al., 1987); and (c) a test of visual
working memory similar to that reported by Saults and Cowan
(2007). The digit-span measure was the mean of forward and
backward spans. The CVLT measure involved presentation of 16
words for 3 seconds each, followed by immediate recall, and delayed
recall following 20 minutes filled with the other testing procedures.
The recall score was the number of words correctly recalled in the
delayed test. The visual workingmemory test presented 2 displays of
6 squares, in unique and easily discriminable colors, for 1050 ms
each, separated by a 1400 ms blank interval. The second display was
either identical to the first or contained a color change in 1 of the
6 squares. At the presentation of the second display, participants
made a 2-choice, key-press response as to whether or not they
detected a color change. Participants completed 48 trials divided
equally between color-change and no-change trials. The outcome
variable was the percentage hits minus percentage false alarms.

To identify potential outliers, we examined regression models
for each of the 9 tests, with age as a predictor. Three of the tests
included 1 participant with a studentized residual >3.5, and these
3 data points were deleted before further analyses. Outcome
measures were multiplied by �1 when necessary, so that positive
values represented better performance for all tests.

1.4. Imaging measures

The imaging modalities comprised cerebral white-matter
integrity, resting-state functional connectivity, and white-matter
hyperintensity volume (Fig. 1). As was the case with the cognitive
measures, within each imaging modality, we defined regionally
specific summary measures from several indicator variables, in this
case defined a priori from structural and functional anatomy. Across
the 3 imagingmodalities, therewere 7 regionally specific measures.
Within white-matter integrity, the 2 regionally specific measures
were fractional anisotropy (FA) for sensorimotor and frontoparietal
tracts. Within resting-state functional connectivity, we obtained
3 regionally specific measures, representing default mode, senso-
rimotor, and frontoparietal network connectivity. Within WMH
volume, we distinguished between 2 WMH categories, PV, and
DWM. Additional details regarding the imaging methods are
provided in Supplementary Material.

1.4.1. Cerebral white-matter integrity
From DTI tractography on the DWI data (Fig. 1, panel A), we

distinguished 2 types of white-matter tracts, those connecting
primarily sensorimotor regions, and those connecting primarily
frontoparietal association cortex. The indicator variable, for each
tract, was the average FA, which represents the relative direc-
tionality of the diffusion of molecular water (Basser and Pierpaoli,
1996; Beaulieu, 2014). Because tracts with highly aligned axons
will exhibit a high degree of directionality of diffusion, FA is a
useful though indirect measure of the microstructural organiza-
tion of white-matter (Jones et al., 2013). The sensorimotor tracts
included the corticospinal tract, optic radiations (posterior
thalamic radiations), and inferior longitudinal fasciculus. The
frontoparietal tracts included the genu and splenium of the
corpus callosum, and the superior longitudinal fasciculus. The
corticospinal tract, optic radiations, and superior and inferior
longitudinal fasciculi were defined within each cerebral hemi-
sphere separately, and the genu and spleniumwere divided at the
midline to yield left and right hemisphere values. Thus, the
sensorimotor and frontoparietal tracts each comprised 6 FA
values as indicator variables.

To define individual white-matter tracts, we performed deter-
ministic tractography of the DTI data, in each participant’s native
space. Following visual inspection of the DWI images for sufficient
quality, we concatenated the 2 DWI runs into a 4D volume and
preprocessed the DWI images with DTIPrep (Liu et al., 2010),
including slice-wise, interlace-wise, and gradient-wise intensity
artifact correction, as well as eddy-current distortion and motion
correction. To match these applied corrections, we reoriented the
diffusion directions. We performed tensor fitting using DSI Studio
(Yeh et al., 2013; http://dsi-studio.labsolver.org/) to generate a DTI
image and subsequently extracted an FA map in each participant’s
native space. Each tensor image was visually inspected for quality
before creation of the FA map.

For each tract, we selected a single seed region from the
parcellation map of the ICBM DTI-81 white-matter atlas (Mori et al.,
2008, but cf.; Rohlfing, 2013), which was deprojected into native
space. Fiber tracking was performed on the diffusion images for
each participant using DSI Studio, which defined white-matter
fibers coursing through the seed region, in conjunction with in-
clusion and exclusion imaging planes that constrained the location
of the fibers.

Following an approach similar to that of Sasson et al. (2013), the
tractography methods incorporated information from both stan-
dard atlas and study-specific data. This approach has the advantage
of defining tracts within each participant’s native space, while
providing a common metric across participants by using stan-
dardized anatomical and study-specific criteria to define tracts.
Once streamlines were acquired via tractography they were
exported in voxel space (without interpolation) following the tract
density imagingmethod of Calamante et al. (2010).We then created
a study-specific mask for each tract that represented voxels com-
mon to 75% of the first 120 participants (40 each within younger,
middle-aged, and older age groups) in the standard space of the
ICBM template. Within native space, we then masked each partic-
ipant’s tracts with the binarized study-specific tracts to constrain
any extraneous streamlines. For each participant, following diffu-
sion image reconstruction, we obtained FA values at each voxel and
averaged the values within each tract.

1.4.2. Resting-state functional connectivity
From the fMRI resting-state functional connectivity data

(Fig. 1, Panel B), we identified individual networks from an inde-
pendent component analysis (ICA). We focused on 3 types of net-
works relevant for fluid cognition: a default mode network
comprising medial prefrontal and medial posterior cortical regions,
networks for sensorimotor cortical regions, and networks for
frontoparietal cortical regions.

http://dsi-studio.labsolver.org/


Fig. 1. Data from different brain imaging modalities. (A), fractional anisotropy (FA) of white-matter tracts derived from deterministic tractography of diffusion tensor imaging (DTI)
data; examples are tracts for a representative participant. (B), 10 components of resting-state functional connectivity, for all participants combined, obtained from independent
component analysis (ICA); note that data are presented in radiological orientation (left ¼ right); ICA component labels correspond to the Laird et al. (2011) templates. (C), map of
white-matter hyperintensities (WMHs), for all participants combined, overlaid on the MNI template brain. In the 2 left-most images, the periventricular (PV) mask is depicted in
blue. The red borders represent the boundaries of 3 regions fromwhich WMHs were estimated. Hyperintensities were classified as being either PV (within the mask) or deep white
matter (DWM; outside the mask). Hyperintensity volumes were obtained for the PV and DWM categories within each of the 3 anatomical regions, yielding 6 WMH volume variables
for each participant. Abbreviations: CST, corticospinal tract; GCC, genu of corpus callosum; ILF, inferior longitudinal fasciculus; OR, optic radiations; SCC, splenium of corpus
callosum; SLF, superior longitudinal fasciculus. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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1 Our approach to controlling for shared variance is somewhat different from that
of Salthouse et al. (2015) and Karama et al. (2011), in that these authors partialled
out the first factor from the variable of interest. However, because the variable of
interest is also contained in the first factor, it is possible that this approach is too
conservative. We therefore partial out other individual variables not associated with
the variable of interest. For example, in creating the residual speed measure (from
the factor score for the 3 speed variables), we partialled out the other 9 cognitive
indicator variables not associated with the speed factor. Another possible approach
would be to partial out the executive function and memory factor scores from the
speed factor score. While conceptually similar to our approach, we believe that
partialling the factor scores may not be as sensitive to potential shared variance
with the individual indicator variables.
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Preprocessing of the resting-state fMRI data began with an in-
house pipeline comprising custom Python code and several tools
in FSL 5.0.5 (Smith et al., 2004; http://www.fmrib.ox.ac.uk/fsl):
slicetimer for slice-time correction, MCFLIRT for motion correction,
BET for brain extraction, and FLIRT for normalization to the MNI152
T1 template (Montreal Neurological Institute, Montreal, Canada).
We regressed out signal fromwhite-matter and cerebrospinal fluid
on the basis of masks created in FSL FAST (Zhang et al., 2001) and
smoothed the data with a 5-mm kernel using FSL SUSAN (Smith
and Brady, 1997). Temporal band-pass filtering limited the data to
frequencies in the 0.001e0.08 Hz band. Following the recommen-
dation of Power et al. (2012), we performedmotion scrubbing using
a framewise displacement threshold of 0.5 and timecourse variance
threshold of 0.5%. Motion scrubbing led to the removal of 1 time-
point from 1 participant. Global signal regression was not per-
formed, because the global negative index (Chen et al., 2012) was
greater than the critical value of 0.03 for each participant, sug-
gesting that global signal regression would not be beneficial.

We entered each participant’s preprocessed data into an ICA
using FSL MELODIC (Beckmann et al., 2005) with the number of
components fixed at 20. Resulting components were identified
using linear template-matching (Greicius et al., 2007), selecting
components that best fit a priori defined network templates (Laird
et al., 2011). Following the method of Greicius et al., we obtained
goodness-of-fit scores by taking the average z score of voxels within
the template minus the average z score of voxels outside the tem-
plate and selecting the component in which the difference was
greatest. We selected 10 relevant components (Fig. 1, panel B), with
a goodness-of-fit score of at least 1.5. To create masks for each of
these 10 components, we thresholded the component’s corre-
sponding template network at z ¼ 4 and then binarized the
thresholded template network.

We entered the resting-state data into a dual regression using
FSL. The ICA spatial maps were regressed into each participant’s
data set (spatial regression), resulting in matrices that reflect
the temporal dynamics for each component and participant.
These timecourses were regressed into each participant’s data set
(temporal regression) to estimate participant-specific spatial maps,
standardized into z score maps, and masked by the corresponding
Laird et al. (2011) template mask. This yielded 10 outcome mea-
sures, from the mean of the absolute values of all non-zero voxels
within each mask, as a measure of functional connectivity per
component and participant. As illustrated in Fig. 1 (panel B), our
estimate of the default mode network was based on 3 ICA com-
ponents, with slightly different shapes, which matched the Laird
et al. (2011) default mode network template. The sensorimotor
networks comprised 3 ICA components matching the Laird et al.
templates for primary visual, motor, and basal ganglia/thalamus
networks. The frontoparietal networks comprised 4 ICA compo-
nents matching the Laird et al. templates for top-down control,
lateral visual, left frontoparietal, and right frontoparietal networks.

1.4.3. WMH volume
We calculated WMH volume with the Lesion Segmentation Tool

within SPM8 (Schmidt et al., 2012; http://www.applied-statistics.
de/lst.html), distinguishing WMHs located near the lateral ventri-
cles (periventricular; PV) from those located in DWM. WMH esti-
mation was conducted on the T2-weighted FLAIR images
(coregistered to the T1-weighted image), at the participant level, in
native space (Fig. 1, panel C). Initially, voxels in the T1-weighted
image were segmented into 3 tissue classes of cerebrospinal fluid,
gray matter, and white matter. Hyperintense outliers in the
T2-weighted FLAIR images (in native T1-space) were seeded within
the gray and white matter, and a growth algorithm created a lesion
probability map for each participant. Lesion probability maps
were then masked with the ALVIN (Automatic Lateral Ventricle
delineation) mask of the lateral ventricles (Kempton et al., 2011),
which we extended to include the white matter adjacent to the
posterior horns of the lateral ventricles. An in-house Python script
classified hyperintensities located within the mask as PV, and those
located outside of the mask as DWM. The intensity distribution
threshold was set higher for PV (kappa ¼ 0.50) than for DWM
(kappa ¼ 0.30) to reduce the likelihood of false identification of
WMHs in the watershed area of the PV white matter.

To further categorize WMH location, each participant’s lesion
map was subdivided into 3 regions: 2 superior regions (1 anterior
and 1 posterior) and 1 inferior region (Fig. 1, panel C). These regions
were defined by planes placed on a group-averaged T2-weighted
structural template from the first 120 participants (40 per younger,
middle-aged, and older adults), which were then deprojected to
participant-specific native space. Each of the 3 regions contained
labeled PV and DWM hyperintensities, yielding 6 WMH values for
each participant. TheWMHvolumeswere defined as percentages of
intracranial volume to control for individual differences in brain
size. Because WMH volume tends to increase logarithmically with
adult age (Raz et al., 2012), the data for each of the 6WMH variables
were log-transformed for further analyses.
1.5. Analyses

As described in the previous section, the behavioral measures
included 3 domains of fluid cognition: elementary perceptual
speed, executive function, and memory, with 3 indicator variables
per domain. We used the first unrotated factor from a factor anal-
ysis of all 9 cognitive tests, partialled for WAIS vocabulary and
gender, as a general summarymeasure for fluid cognition. To define
the domain-specific summary measures, we used an approach
similar to that of Hedden et al. (2012, 2016). We extracted the first
unrotated factor from a factor analysis of the 3 tests in each domain.
We conducted a principal axis factor analysis on the relevant
indicator variables (for all participants) and used the factor score
(for each participant) from the first unrotated factor as the sum-
mary measure. For both the general and domain-specific analyses,
we used a principal factor analysis rather than a principal compo-
nents analysis because our interest was in the shared variance
among the indicator variables rather than in the mathematically
independent components of the total variance. The factor scores
served as summary measures for the purposes of data reduction.
We do not claim that the behavioral (or imaging) data have a
particular factor structure.

To adjust the domain-specific summary measures for the vari-
ance shared with related indicator variables, we created a residual
score that partialled all of the other indicator variables, similar to
Salthouse et al. (2015) and Karama et al. (2011).1 For example, a
residual speed measure was created by partialling the speed factor
(based on 3 indicator variables) for the other 6 cognitive measures
contributing to executive function and memory. All residual factor

http://www.fmrib.ox.ac.uk/fsl
http://www.applied-statistics.de/lst.html
http://www.applied-statistics.de/lst.html


Table 2
Factor loadings

Variable Factor loading

Specific General

Fluid cognition
Speed (factor SMC ¼ 0.706)
Simple RT 0.612 0.600
Choice RT 0.743 0.703
Stroop neutral RT 0.721 0.795

Executive function (factor SMC ¼ 0.547)
Verbal fluency 0.546 0.525
Stroop interference RT 0.332 0.486
Digit symbol 0.679 0.772

Memory (factor SMC ¼ 0.333)
Digit span 0.383 0.379
Delayed recall 0.432 0.431
Visual working memory 0.363 0.483

White-matter integrity
Sensorimotor FA (factor SMC ¼ 0.929)
Left CST 0.692 0.515
Right CST 0.678 0.550
Left optic radiations 0.842 0.806
Right optic radiations 0.827 0.758
Left inferior longitudinal fasciculus 0.770 0.797
Right inferior longitudinal fasciculus 0.786 0.747

Frontoparietal FA (factor SMC ¼ 0.961)
Left genu 0.925 0.871
Right genu 0.913 0.864
Left splenium 0.863 0.797
Right splenium 0.888 0.843
Left superior longitudinal fasciculus 0.787 0.764
Right superior longitudinal fasciculus 0.689 0.689

Resting-state FC
Default mode FC (factor SMC ¼ 0.429)
Default mode 1 0.437 0.471
Default mode 2 0.479 0.635
Default mode 3 0.491 0.513

Sensorimotor resting-state FC (factor SMC ¼ 0.237)
Primary visual 0.345 0.463
Motor cortex �0.163 0.036
Basal ganglia/thalamus 0.388 0.417

Frontoparietal resting-state FC (factor SMC ¼ 0.433)
Top-down control 0.394 0.415
Lateral visual 0.359 0.370
Left frontoparietal 0.347 0.353
Right frontoparietal 0.524 0.592

White-matter hyperintensity (WMH) volume
Periventricular (factor SMC ¼ 0.773)
Superior anterior 0.791 0.747
Superior posterior 0.819 0.837
Inferior 0.582 0.600

Deep white matter (factor SMC ¼ 0.621)
Superior anterior 0.683 0.630
Superior posterior 0.577 0.640
Inferior 0.603 0.588

Note. SMC, squared multiple correlations of indicator variables with the associated
factor.
Specific factor loadings are the loadings of the indicator variables on the associated
domain-specific factor; general factor loadings are the loadings of the indicator
variables on the general factor of all the indicator variables within the associated
categories of fluid cognition, white-matter integrity, resting-state functional con-
nectivity, and WMH volume.
Key: CST, corticospinal tract; FA, fractional anisotropy; FC, functional connectivity;
RT, reaction time.
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scores were also partialled for WAIS vocabulary (as an estimate of
verbal IQ) and gender.

We used a similar method to define regionally specific and
general summary measures within the 3 imaging modalities of
cerebral white-matter integrity, resting-state functional connec-
tivity, and WMH volume. We created a general summary measure
from the first unrotated factor for all of the indicator variables:
white-matter integrity (12 tract FA variables), resting-state func-
tional connectivity (10 ICA component variables), and WMH
(six regional variables), partialled for WAIS vocabulary and gender.
The indicator variables for white-matter integrity were grouped
into sensorimotor and frontoparietal tracts; those for resting-state
functional connectivity were grouped into default mode, sensori-
motor, and frontoparietal networks; and those for WMH volume
were grouped into PV and DWM categories. As with the cognitive
measures, we created a residual, domain-specific measure by
partialling all domain-associated variables not associated with the
regionally specific variables. In the case of white-matter integrity,
for example, we conducted separate factor analyses of the FA
variables for the sensorimotor and frontoparietal tracts and used
the first unrotated factor, from each analysis, as the regionally
specific summary measure. We then created residual measures by
partialling the remaining indicator variables within each imaging
modality. For example, a residual sensorimotor FA measure was
created by partialling the sensorimotor FA factor score (based on 6
tract FA indicator variables) for the other 6 FA variables associated
with the frontoparietal tracts.

Factor loadings of indicator variables on the general and specific
factors are presented in Table 2. Because some of the indicator
variables were highly correlated, variance estimates were biased
and exceeded 1.0 in some instances. The table therefore lists the
squared multiple correlations among the indicator variables for the
domain- and regionally specific-factors, rather than variance esti-
mates. The general factor squared multiple correlation values were
0.854 for fluid cognition, 0.972 for white-matter integrity, 0.742 for
resting-state functional connectivity, and 0.854 for WMH volume.

Correlation matrices of the general and domain-specific cogni-
tive and imaging measures, with age included and age partialled,
are presented in Supplementary Material (Table S1).

Analyses were conducted using ordinary least squares regres-
sion (SAS 9.4, SAS Institute, Inc., Cary, NC, USA) and conditional
process (mediation) analyses as implemented in the PROCESS
macro for SAS (Hayes, 2013). In the mediation analyses, parameter
estimates and bootstrap confidence intervals were based on 10,000
percentile-based bootstrap samples. Significant indirect effects are
defined by a confidence interval not including zero. In view of the
large number of statistical tests conducted, we adopted conserva-
tive significance levels of 0.01 and 0.001 for parametric tests and set
bootstrap confidence intervals to 99%.

2. Results

2.1. General fluid cognition and imaging modalities

2.1.1. Age correlations
The general summary measures for fluid cognition, white-

matter integrity (FA), and resting-state connectivity exhibited sig-
nificant age-related decline, whereas the general measure of WMH
volume increased with age (Fig. 2). The age-related decline in
general fluid cognition remained significant when partialled for the
general measures of white-matter integrity, resting-state functional
connectivity, andWMH volume, r¼�0.517, p< 0.001. Similarly, the
general imaging measures continued to exhibit age-related decline
when partialled for fluid cognition: r¼�0.498, p< 0.001, for white-
matter integrity, r ¼ �0.386, p < 0.001, for resting-state functional
connectivity, and r ¼ 0.380, p < 0.001, for WMH volume. Thus, age
exhibited strong, independent relations to the summary measures
of fluid cognition and the imaging modalities. Additional regression
models with quadratic (age2) predictor variables did not yield
significant nonlinear effects.

2.1.2. Tests of mediation and moderation
To determine whether the general imaging measures were

mediators of the relation between age and general fluid cognition,
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we conducted mediation analyses of a model in which age was a
predictor (x) of fluid cognition (y), and the general summary
measures (factor scores) for white-matter integrity, resting-state
functional connectivity, and WMH volume were mediators
(m) of the relation between age and fluid cognition. We tested
both the general and domain-specific measures of cognition as
outcome variables. This is essentially a path model in which the
relation of age to each of the mediators is a separate a path, the
relation of each of the mediators to fluid cognition (controlling for
age) is a separate b path, the relation of age to fluid cognition
(the total effect of age) is the c path, and the direct effect of age
(controlling for all of the mediators) is the c’ path. The mediators
were modeled as operating in parallel, and thus each mediator
was covaried for the others. A significant a x b path interaction for
a mediator variable would imply that the effect of the predictor
(age) on the outcome variable (fluid cognition) is indirect,
operating through that variable, rather than direct. The a x b
path interaction effects were tested with bootstrap confidence
intervals, as recommended by Hayes (2013).

Results for the general imaging measures are presented in
Table 3. The effects of age on all of the mediators (a paths)
were significant, as was the total effect of age (c path) on fluid
cognition and residual executive function, corresponding to the
pattern of the correlations noted previously. No mediating
effects, however, were significant. None of the general imaging
variables exhibited either a significant influence on fluid cogni-
tion controlling for age (b path) or a significant a x b interaction.
For residual executive function, the general imaging variables
combined led to a decrease in the direct effect of age, relative to
the total effect, but none of the general imaging variables was
significant as a mediator.
Fig. 2. Age correlation of the general summary measures for fluid cognition (A), white-m
intensity volume (D). Abbreviations: FC, functional connectivity; WM, white matter; WMH
We also conducted tests of age moderation for each of the
mediators, in terms of the age � mediator interaction in the
prediction of fluid cognition, and none of these interactions was
significant.

2.2. Specific cognitive and imaging variables

2.2.1. Age correlations
The age correlations of the domain-specific cognitive and

regionally specific imaging variables are presented in Table 4.
Before partialling the shared variance among the indicator vari-
ables, the 3 cognitive domains each exhibited significant age-
related decline, as did the 7 regionally specific measures within
the modalities of white-matter integrity, resting-state functional
connectivity, andWMH volume. The residual scores represent the 3
cognitive domains and 7 regionally specific imaging measures
partialled for the variance shared with the other indicator variables
(see the previous section, analyses, in materials and methods). Of
the residual cognitive measures, only executive function continued
to exhibit significant age-related decline. Of the residual imaging
measures, we observed significant age-related decline in fronto-
parietal FA, sensorimotor resting-state functional connectivity, and
an age-related increase in PV WMH volume.

For the residual executive function measure, the independent
age-effects model did not hold. The age-residual executive corre-
lation was no longer significant when partialled for all of the
regionally specific imaging measures (i.e., 2 white-matter integrity,
3 resting-state functional connectivity, and 2 WMH volume mea-
sures), r ¼ �0.069, p > 0.40. In contrast, for the 3 residual imaging
measures that exhibited age-related decline (Table 4), each
continued to show a significant age-related effect when partialled
atter integrity (B), resting-state functional connectivity (C), and white-matter hyper-
, white-matter hyperintensity.



Table 3
General imaging variables as mediators of age-fluid cognition relation

Model Effect SE b t p Lower CI Upper CI

x / m (a path; for all models)
Age / General WM integrity L0.0351 0.0035 L0.6409 L10.0238 0.0001 L0.0442 L0.0259
Age / General RS FC L0.0273 0.0033 L0.5677 L8.3521 0.0001 L0.0359 L0.0188
Age / General WMH volume 0.0219 0.0034 0.4875 6.5020 0.0001 0.0131 0.0306

Model 1 (general fluid cognition): x ¼ age; m ¼ general WM integrity; general RS FC; general WMH volume; y ¼ General fluid cognition
m / y (b path)
General WM integrity / Gen Fluid Cogn 0.0297 0.0741 0.0377 0.4012 0.6889 �0.1639 0.2233
General RS FC / Gen Fluid Cogn 0.1097 0.0788 0.1102 1.3923 0.1661 �0.0962 0.3156
General WMH volume / Gen Fluid Cogn 0.0363 0.0767 0.0346 0.4729 0.6370 �0.1642 0.2368

Mediation effects (a x b interaction)
General WM integrity �0.0010 0.0027 �0.0242 d d �0.0085 0.0060
General RS FC �0.0030 0.0021 �0.0626 d d �0.0083 0.0026
General WMH volume 0.0008 0.0016 0.0169 d d �0.0039 0.0049
Total effect for age (c path) 0.0347 0.0030 L0.6981 L11.6006 0.0001 L0.0425 L0.0269
Direct effect for age (c’ path) L0.0314 0.0045 L0.6282 L7.0487 0.0001 L0.0431 L0.0198

Model 2 (residual speed): x ¼ age; m ¼ general WM integrity; general RS FC; general WMH volume; y ¼ residual speed
m / y (b path)
General WM integrity / residual speed 0.0086 0.0663 0.0300 0.1296 0.8971 �0.1646 0.1818
General RS FC / residual speed 0.0435 0.0705 0.0726 0.6174 0.5380 �0.1406 0.2276
General WMH volume / residual speed 0.0227 0.0686 0.0342 0.3312 0.7410 �0.1566 0.2021

Mediation effects (a x b interaction)
General WM integrity �0.0003 0.0024 �0.0192 d d �0.0066 0.0061
General RS FC �0.0012 0.0021 �0.0412 d d �0.0068 0.0046
General WMH volume 0.0005 0.0014 0.0167 d d �0.0035 0.0043
Total effect for age (c path) �0.0046 0.0027 �0.1296 �1.7430 0.0835 �0.0116 0.0023
Direct effect for age (c’ path) �0.0036 0.0040 �0.0858 �0.9115 0.3636 �0.0141 0.0068

Model 3 (residual executive): x ¼ age; m ¼ general WM integrity; general RS FC; general WMH volume; y ¼ residual executive
m / y (b path)
General WM integrity / residual executive �0.0424 0.0547 �0.0872 �0.7758 0.4392 �0.1853 0.1005
General RS FC / residual executive 0.0249 0.0582 0.0448 0.4278 0.6695 �0.1271 0.1768
General WMH volume / residual executive 0.0086 0.0566 0.0151 0.1525 0.8790 �0.1393 0.1566

Mediation effects (a x b interaction)
General WM integrity 0.0015 0.0020 0.0559 d d �0.0037 0.0071
General RS FC �0.0007 0.0017 �0.0254 d d �0.0053 0.0039
General WMH volume 0.0002 0.0013 0.0074 d d �0.0030 0.0036
Total effect for age (c path) �0.0061 0.0022 �0.2333 �2.7924 0.0060 �0.0119 �0.0004
Direct effect for age (c’ path) �0.0071 0.0033 �0.2712 �2.1644 0.0322 �0.0157 0.0015

Model 4 (residual memory): x ¼ age; m ¼ general WM integrity; general RS FC; general WMH volume; y ¼ residual memory
m / y (b path)
General WM integrity / residual memory 0.0112 0.0524 0.0287 0.2128 0.8318 �0.1257 0.1481
General RS FC / residual memory 0.0035 0.0557 0.0100 0.0622 0.9505 �0.1421 0.1490
General WMH volume / residual memory �0.0148 0.0543 �0.0260 �0.2734 0.7850 �0.1566 0.1269

Mediation effects (a x b interaction)
General WM integrity �0.0004 0.0020 �0.0184 d d �0.0058 0.0048
General RS FC �0.0001 0.0013 �0.0057 d d �0.0033 0.0037
General WMH volume �0.0003 0.0012 �0.0127 d d �0.0038 0.0026
Total effect for age (c path) �0.0032 0.0021 �0.1240 �1.5210 0.1305 �0.0087 0.0023
Direct effect for age (c’ path) �0.0024 0.0032 �0.0872 �0.7545 0.4519 �0.0106 0.0059

Note. Effect, unstandardized regression coefficient; SE, standard error of unstandardized regression coefficient; b, standardized regression coefficient; t, t value for unstan-
dardized regression coefficient; p, probability level for t; Lower/Upper CI, lower/upper bounds of 99% confidence intervals for unstandardized regression coefficient, estimated
from bootstrap sampling with 10,000 samples.
Significant effects are presented in bold.
Key: a, path from predictor to mediator; a x b, interaction of a and b paths representing indirect influence of x as mediated bym; b, path frommediator to outcome, controlling
for a path; c, total effect of predictor; c’, direct effect of predictor, controlling for mediator; FC, functional connectivity; Gen Fluid Cogn, general fluid cognition;m, mediator; RS,
resting state; WM, white matter; x, predictor variable; y, outcome variable.
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for the 3 residual cognitive measures: r ¼ �0.298, p < 0.001, for
residual frontoparietal FA; r ¼ �0.342, p < 0.001, for residual
sensorimotor resting-state functional connectivity, and r ¼ 0.320, p
< 0.001, for PV WMH volume.

2.2.2. Tests of mediation and moderation
For each of the 3 residual cognitive measures of speed, executive

function, and memory, we tested a mediation model in which the 7
regionally specific imaging measures (2 white-matter integrity, 3
resting-state functional connectivity, and 2 WMH volume measures)
were parallel mediators of the relation between age and the residual
cognitive measure. In these 3 models, the mediators were the region-
ally specific imaging factor scores obtained before partialling (i.e., not
residuals). Because the mediation analysis covaries each mediator for
the others, shared variance is controlled in model estimation.
It may not seem intuitive to include, in this analysis, all of the
imaging and cognitive variables, when they did not all exhibit
significant age-related effects. However, researchers have recently
argued that mediators should be selected on theoretical rather than
empirical grounds, and that an indirect effect of a predictor may be
valid and interpretable even in the absence of a significant total
effect (Hayes, 2009, 2013; Mackinnon and Fairchild, 2009; Shrout
and Bolger, 2002).

The mediation effects for the 3 models are presented in Table 5.
Note that the a paths between age and the mediators are identical
for the 3 models and are thus just listed once. No mediators of the
relation of age to either residual speed or residual memory were
significant. Resting-state functional connectivity of sensorimotor
networks, however, was a significant mediator (a x b path inter-
action) of age-related decline in residual executive function (Fig. 3).



Table 4
Age correlations of specific cognitive and imaging factors

Factor r with age before
partialling shared variance

Residual r with age after
partialling shared variance

Fluid cognition
Speed �0.555** (0.308) �0.130 (0.017)
Executive function �0.610** (0.372) �0.235* (0.055)
Memory �0.449** (0.202) �0.125 (0.016)

White-matter integrity
Sensorimotor FA �0.540** (0.292) �0.100 (0.010)
Frontoparietal FA �0.654** (0.428) �0.382** (0.146)

Resting-state FC
Default mode
resting-state FC

�0.484** (0.234) �0.150 (0.022)

Sensorimotor
resting-state FC

�0.619** (0.383) �0.418** (0.175)

Frontoparietal
resting-state FC

�0.359** (0.129) �0.078 (0.006)

White-matter
hyperintensity volume
PV 0.496** (0.246) 0.425** (0.181)
DWM 0.254* (0.065) �0.013 (0.0002)

Note. Values are r, with r2 in parentheses.
*p < 0.01.
**p < 0.001.
Key: DWM, deep white matter hyperintensity volume; FA, fractional anisotropy; FC,
functional connectivity; PV, periventricular white-matter hyperintensity volume.
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Further, the sensorimotor resting-state functional connectivity
variable exhibited a significant relation to residual executive func-
tion (b path) independently of age. This latter relation was positive,
indicating that increased functional connectivity was associated
with higher executive function. The total effect of age on residual
executive function (i.e., before including the mediating effects) was
significant, and the direct effect (i.e., after including the mediating
effects) was not significant, implying complete mediation by
sensorimotor resting-state functional connectivity. The mediating
effect of sensorimotor resting-state functional connectivity appears
to depend on having awide range of adult age, as the corresponding
effect was not significant when the analysis was limited to 46
participants 60 years of age and older (Supplementary Material,
Table S2).

For each of the residual cognitive measures, tests of the age �
mediator interactions (i.e., moderation) did not yield any significant
effects.

Although sensorimotor resting-state functional connectivity is a
regionally specific imaging variable, it comprises 3 indicator vari-
ables from the ICA analysis. We thus constructed an additional
mediation model with these 3 variables, ICA components for motor,
primary visual, and basal ganglia/thalamus networks, as parallel
mediators of the relation between age and residual executive
function. The results (Table 6) indicated significant age-related
decline (a paths) for primary visual and basal ganglia/thalamus
network connectivity. But none of the variables exhibited either an
age-independent relation to residual executive function (b paths) or
a mediating influence on the age-executive function relation.
However, the total effect of age (c path) was significant whereas the
direct effect of age (c’ path) was not. This pattern implies that the
mediation associated with the sensorimotor factor score (Fig. 2)
reflects the combined contribution of all 3 indicator variables rather
than 1 or 2 of them individually.
3. Discussion

These results illustrate the way in which models of age-related
differences in brain imaging and cognitive measures vary with
the level of analysis. At a general level of analysis, we defined fluid
cognition by the first unrotated factor from 9 psychometric and RT
tests, and in a similar manner defined each of 3 imaging modalities
of white-matter integrity, resting-state connectivity, and WMH
volume, from the first factor of several individual imaging mea-
sures. As we hypothesized, age exhibited strong, independent ef-
fects on these general cognitive and imaging measures. Consistent
with the pattern reported by Salthouse et al. (2015), age was
associated both with decline in fluid cognition, independent of the
imaging variables, and with decline in the imaging measures, in-
dependent of cognition. The mediation analyses, at this general
level, were also consistent with the independent age-effects model.
None of the summary measures from the imaging modalities
exerted either an independent influence on fluid cognition, when
controlled for age, or a mediating influence on the relation between
age and fluid cognition (Table 3).

At a more specific level of analysis, we distinguished 3 domains
of fluid cognition and incorporated anatomically defined compo-
nents of the brain imaging measures. In our construction of specific
summarymeasures, we continued to use a factor-analytic approach
for defining both the cognitive and imaging measures, using the
first unrotated factor from several individual measures within each
domain of interest. Thus, although our outcome variables exhibited
additional specificity, they were also latent variables that each
comprised several individual tests. To control for the shared vari-
ance among these individual measures, we partialled each unro-
tated factor for the set of variables not included in the factor.

Within each of the cognitive and imaging domains, one of the
summary measures exhibited age-related decline, beyond the
shared variance (Table 4). Among the cognitive variables, executive
function was most vulnerable to age-related decline, in line with
previous behavioral studies (Verhaeghen and Cerella, 2002;Wecker
et al., 2000). The age-related decline in frontoparietal FA is
consistent with previous DTI studies (Bennett and Madden, 2014;
Carmichael and Lockhart, 2012; Madden et al., 2012; Sullivan and
Pfefferbaum, 2011), and the age-related increase in PV WMH vol-
ume confirms the role of theseWMHs in disrupting the long white-
matter tracts connecting cortical association regions (Smith et al.,
2011; Soderlund et al., 2006; van den Heuvel et al., 2006).

For both the general and domain-specific cognitive and imaging
measures, the age-related declines were relatively linear from 19 to
79 years of age (Fig. 2 and Table 4), and we did not detect any age-
related moderation of the variables tested as potential mediators.
Salthouse (2004, 2009) has reported that age-related decline in
fluid cognition is primarily linear and has proposed that this pattern
represents a continuous process that begins early in adulthood. The
present results suggest that white-matter integrity, resting-state
connectivity, and WMH volume also exhibit a linear age-related
pattern, consistent with the cognitive data, suggesting that the
cognitive and imaging measures reflect different aspects of the
underlying influence of age on central nervous system functioning
(Baltes and Lindenberger, 1997; Birren, 1965; Madden, 2001).
Nonlinear age-related trends, typically in the form of accelerated
decline at later stages of adulthood, have been observed for struc-
tural imaging measures of gray and white matter (Fjell and
Walhovd, 2010) and for resting-state functional connectivity
(Chan et al., 2014). The present age ceiling of 79 years and sample
size may have limited the power to detect nonlinear age-related
trends, and further research on the exact shape of the age-related
trends for these imaging measures is warranted.

The stronger age-related decline in sensorimotor resting-state
functional connectivity (comprising visual, motor, and basal
ganglia/thalamus networks) is surprising, because the default mode
network has been more widely discussed as a target of age-related
decline (Andrews-Hanna et al., 2007; Biswal et al., 2010; Ferreira
and Busatto, 2013). However, several reports of lowered



Table 5
Regionally specific imaging variables as mediators of age relation to general fluid cognition, residual speed, residual executive function, and residual memory

Model Effect SE b t p Lower CI Upper CI

x / m (a path; for all models)
Age / Sensorimotor FA L0.0286 0.0038 L0.5368 L7.5788 0.0001 L0.0385 L0.0187
Age / frontoparietal FA �0.0356 0.0035 �0.6501 �10.2531 0.0001 �0.0446 �0.0265
Age / default mode RS FC �0.0177 0.0027 �0.4838 �6.6051 0.0001 �0.0247 �0.0107
Age / sensorimotor RS FC �0.0171 0.0018 �0.6192 �9.6995 0.0001 �0.0217 �0.0125
Age / frontoparietal RS FC �0.0129 0.0028 �0.3588 �4.5258 0.0001 �0.0203 �0.0054
Age / PV WMH volume 0.0237 0.0035 0.4960 6.6895 0.0001 0.0144 0.0329
Age / DWM WMH volume 0.0109 0.0036 0.2545 3.0500 0.0027 0.0016 0.0203

Model 1 (general fluid cognition): x ¼ age; m ¼ sensorimotor FA; frontoparietal FA; default mode FC; sensorimotor resting-state FC; frontoparietal
resting-state FC; PV WMH volume; DWM WMH volume; y ¼ general fluid cognition
Model 1 m / y (b path)
Sensorimotor FA / Gen Fluid Cogn 0.0228 0.0807 0.0199 0.2821 0.7783 �0.1368 0.1823
Frontoparietal FA / Gen Fluid Cogn �0.0324 0.0916 �0.0179 �0.3540 0.7239 �0.2135 0.1487
Default mode FC / Gen Fluid Cogn �0.0529 0.1084 �0.0342 �0.4883 0.6262 �0.2674 0.1615
Sensorimotor RS FC / Gen Fluid Cogn 0.0691 0.1459 0.0525 0.4735 0.6366 e0.2195 0.3577
Frontoparietal RS FC / Gen Fluid Cogn 0.1978 0.1028 0.1338 1.9237 0.0565 �0.0056 0.4013
PV WMH volume/ Gen Fluid Cogn �0.1249 0.0946 �0.1022 �1.3205 0.1890 �0.3120 0.0622
DWM WMH volume/ Gen Fluid Cogn 0.1557 0.0915 0.1265 1.7014 0.0912 �0.0253 0.3367

Model 1 mediation effects (a x b interaction)
Sensorimotor FA �0.0007 0.0025 �0.0107 d d �0.0055 0.0042
Frontoparietal FA 0.0012 0.0034 0.0116 d d �0.0056 0.0078
Default mode RS FC 0.0009 0.0019 0.0165 d d �0.0026 0.0049
Sensorimotor RS FC �0.0012 0.0025 �0.0325 d d �0.0060 0.0040
Frontoparietal RS FC �0.0025 0.0013 �0.0480 d d �0.0064 0.0009
PV WMH volume �0.0030 0.0024 �0.0507 d d �0.0081 0.0013
DWM WMH volume 0.0017 0.0013 0.0322 d d �0.0002 0.0048
Total effect for age (c path) �0.0347 0.0030 �0.6981 �11.6006 0.0001 �0.0406 �0.0288
Direct effect for age (c’ path) �0.0311 0.0050 �0.6166 �6.2889 0.0001 �0.0409 �0.0213

Model 2 (residual speed): x ¼ age; m ¼ sensorimotor FA; frontoparietal FA; default mode FC; sensorimotor resting-state FC; frontoparietal resting-state FC;
PV WMH volume; DWM WMH volume; y ¼ residual speed
Model 2 m / y (b path)
Sensorimotor FA / residual speed 0.0499 0.0722 0.0846 0.6914 0.4905 �0.1388 0.2386
Frontoparietal FA / residual speed �0.0566 0.0820 �0.0764 �0.6905 0.4911 �0.2708 0.1576
Default mode RS FC / Residual speed 0.0894 0.0970 0.1115 0.9209 0.3588 �0.1643 0.3430
Sensorimotor RS FC / Residual speed �0.1769 0.1306 �0.1247 �1.3549 0.1778 �0.5182 0.1644
Frontoparietal RS FC / Residual speed 0.0569 0.0921 0.0539 0.6179 0.5377 �0.1837 0.2975
PV WMH volume/ residual speed �0.0181 0.0847 �0.0312 �0.2137 0.8311 �0.2393 0.2032
DWM WMH volume/ Residual speed 0.0314 0.0819 0.0491 0.3840 0.7016 �0.1826 0.2455

Model 2 mediation effects (a x b interaction)
Sensorimotor FA �0.0014 0.0019 �0.0454 d d �0.0066 0.0034
Frontoparietal FA 0.0020 0.0031 0.0497 d d �0.0060 0.0099
Default mode RS FC �0.0016 0.0018 �0.0539 d d �0.0069 0.0029
Sensorimotor RS FC 0.0030 0.0021 0.0772 d d �0.0026 0.0093
Frontoparietal RS FC �0.0007 0.0013 �0.0193 d d �0.0039 0.0033
PV WMH volume �0.0004 0.0021 �0.0155 d d �0.0063 0.0053
DWM WMH volume 0.0003 0.0008 0.0125 d d �0.0019 0.0030
Total effect for age (c path) �0.0046 0.0027 �0.1296 �1.7430 0.0835 �0.0116 0.0023
Direct effect for age (c’ path) �0.0058 0.0044 �0.1349 �1.3189 0.1895 �0.0174 0.0057

Model 3 (residual executive function): x ¼ age; m ¼ sensorimotor FA; frontoparietal FA; default mode FC; sensorimotor resting-state FC; frontoparietal
resting-state FC; PV WMH volume; DWM WMH volume; y ¼ residual executive function
Model 3 m / y (b path)
Sensorimotor FA / residual executive �0.0495 0.0581 �0.0952 �0.8522 0.3956 �0.2015 0.1024
Frontoparietal FA / residual executive �0.0097 0.0660 �0.0233 �0.1472 0.8832 �0.1822 0.1628
Default mode RS FC / residual executive �0.0785 0.0781 �0.1131 �1.0040 0.3172 �0.2827 0.1258
ensorimotor RS FC / Residual executive 0.2844 0.1052 0.2816 2.7049 0.0077 0.0096 0.5592
Frontoparietal RS FC / residual executive 0.0397 0.0741 0.0553 0.5356 0.5931 �0.1540 0.2334
PV WMH volume/ residual executive �0.0846 0.0682 �0.1405 �1.2417 0.2166 �0.2628 0.0935
DWM WMH volume/ residual executive 0.1041 0.0660 0.1590 1.5784 0.1169 �0.0683 0.2765

Model 3 mediation effects (a x b interaction)
Sensorimotor FA 0.0014 0.0017 0.0511 d d �0.0030 0.0061
Frontoparietal FA 0.0003 0.0023 0.0151 d d �0.0055 0.0071
Default mode RS FC 0.0014 0.0016 0.0547 d d �0.0027 0.0058
Sensorimotor resting-state FC �0.0049 0.0018 �0.1744 d d �0.0098 �0.0001
Frontoparietal RS FC �0.0005 0.0010 �0.0198 d d �0.0037 0.0020
PV WMH volume �0.0020 0.0017 �0.0697 d d �0.0068 0.0022
DWM WMH volume 0.0011 0.0008 0.0405 d d �0.0006 0.0038
Total effect for age (c path) L0.0061 0.0022 L0.2333 L2.7924 0.0060 L0.0119 L0.0004
Direct effect for age (c’ path) �0.0030 0.0036 �0.1309 �0.8495 0.3971 �0.0124 0.0063

Model 4 (residual memory): x ¼ age m ¼ sensorimotor FA; frontoparietal FA; default mode FC; sensorimotor resting-state FC; frontoparietal resting-state FC;
PV WMH volume; DWM WMH volume; y ¼ residual memory
Model 4 m / y (b path)
Sensorimotor FA / residual memory �0.0556 0.0574 �0.1187 �0.9691 0.3343 �0.2055 0.0943
Frontoparietal FA / residual memory 0.0780 0.0651 0.1745 1.1977 0.2332 �0.0922 0.2482

(continued on next page)
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Table 5 (continued )

Model Effect SE b t p Lower CI Upper CI

Default mode FC / residual memory �0.0436 0.0771 �0.0606 �0.5649 0.5731 �0.2451 0.1580
Sensorimotor RS FC / residual memory �0.0477 0.1038 �0.0448 �0.4598 0.6464 �0.3189 0.2235
Frontoparietal RS FC / residual memory 0.0172 0.0732 0.0232 0.2355 0.8142 �0.1740 0.2084
PV WMH volume/ residual memory 0.0376 0.0673 0.0708 0.5590 0.5771 �0.1382 0.2134
DWM WMH volume/ residual memory �0.0442 0.0651 �0.0744 �0.6792 0.4982 �0.2143 0.1259

Model 4 mediation effects (a x b interaction)
Sensorimotor FA 0.0016 0.0017 0.0637 d d �0.0029 0.0062
Frontoparietal FA �0.0028 0.0022 �0.1134 d d �0.0084 0.0029
Default mode RS FC 0.0008 0.0016 0.0293 d d �0.0030 0.0053
Sensorimotor RS FC 0.0008 0.0017 0.0277 d d �0.0036 0.0055
Frontoparietal RS FC �0.0002 0.0009 �0.0083 d d �0.0028 0.0020
PV WMH volume 0.0009 0.0018 0.0351 d d �0.0039 0.0055
DWM WMH volume �0.0005 0.0008 �0.0189 d d �0.0028 0.0016
Total effect for age (c path) �0.0032 0.0021 �0.1240 �1.5210 0.1305 �0.0087 0.0023
Direct effect for age (c’ path) �0.0038 0.0035 �0.1393 �1.0729 0.2853 �0.0130 0.0054

Note. Effect, unstandardized regression coefficient; SE, standard error of unstandardized regression coefficient; b, standardized regression coefficient; t, t value for unstan-
dardized regression coefficient; p, probability level for t; Lower/Upper CI, lower/upper bounds of 99% confidence intervals for unstandardized regression coefficient, estimated
from bootstrap sampling with 10,000 samples.
Significant effects are presented in bold.
Key: a, path from predictor to mediator; a x b, interaction of a and b paths representing indirect influence of x as mediated bym; b, path frommediator to outcome, controlling
for a path; c, total effect of predictor; c’, direct effect of predictor, controlling for mediator; DWM, deep white matter; FA, fractional anisotropy; FC, functional connectivity; Gen
Fluid Cogn, general fluid cognition; m, mediator; PV, periventricular; RS, resting state; WMH, white-matter hyperintensity; x, predictor variable; y, outcome variable.
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resting-state functional connectivity within older adults’ visual
networks have also emerged (Betzel et al., 2014; Onoda et al., 2012;
Yan et al., 2011; Zhang et al., 2014). Similarly, several studies of both
structural and functional connectivity indicate significant age-
related decline in networks associated with basal ganglia and thal-
amus (Fama and Sullivan, 2015; Kievit et al., 2014; Ystad et al., 2011).

In our analyses of these more specific cognitive and imaging
variables, the independent age-effects model did not hold. The 3
residual imaging measures that were age-sensitive (frontoparietal
FA, sensorimotor resting-state functional connectivity, and PV
WMH volume) continued to exhibit significant age-related decline
when partialled for the 3 cognitive domains, but the age-related
difference in residual executive function was no longer significant
when partialled for the regionally specific imaging measures (see
results, specific cognitive and imaging variables). Thus, age did not
have a specific relation to executive function that was independent
Fig. 3. Mediation of the relation between age and residual executive function by
sensorimotor resting-state functional connectivity. Results indicated that the path (a)
from the predictor (age) to the mediator (sensorimotor resting-state functional con-
nectivity) was significant, as was the path (b) from sensorimotor resting-state func-
tional connectivity to the outcome variable (residual executive function). The
interaction of the a and b paths was significant, indicating that age exerted an indirect
influence on residual executive function, through sensorimotor resting-state functional
connectivity. The model included the other 6 regionally specific imaging measures as
mediators; the mediation effect is covaried for these other measures (Table 5, model
3). Significant paths are presented as solid lines; nonsignificant paths are presented as
dotted lines. Path (c) is the total effect of the relation between the predictor and
outcome variables, and path (c’) is the direct effect of the predictor, taking into account
the effect of the mediator. Unstandardized regression coefficients (b) and 99% confi-
dence intervals were estimated from 10,000 percentile-based bootstrap samples. Ab-
breviations: CI, 99% confidence intervals; FC, functional connectivity.
of the imagingmeasures. Themediation analyses (Table 5) provided
additional information on this point by showing that age influenced
the residual executive functionmeasure indirectly, through resting-
state functional connectivity in sensorimotor networks. Age led to
significant decline in the factor score representing this group of
networks (the a path in Fig. 3), but the sensorimotor networks also
exhibited a positive relation to executive function (i.e., higher
connectivity associated with better executive function), indepen-
dently of age (the b path in Fig. 3). The total effect of age on exec-
utive function (the c path in Fig. 3) was significant, but the direct
effect (the c’ path in Fig. 3) was not, implying that sensorimotor
resting-state functional connectivity completely mediated the age-
executive function relation. This mediation effect, however, was not
attributable to any of the 3 networks of the sensorimotor functional
connectivity measure (primary visual, motor cortex, and basal
ganglia/thalamus), but rather to their combined effects (Table 6).

Although we had predicted that mediation of age-cognitive re-
lations would be more clearly evident with regionally defined im-
aging measures (Gazes et al., 2016; Lee et al., 2016), this particular
pattern of mediation, involving sensorimotor resting-state func-
tional connectivity, was unexpected. Hedden et al. (2016), and Fjell
et al. (2016) both reported that measures of structural connectivity
(e.g., white matter FA or volume) were stronger mediators of age-
related variance in fluid cognition than resting-state functional
connectivity. Similarly, from previous evidence linking frontopar-
ietal regions to age-related decline in fluid cognition (Bennett and
Madden, 2014; Gold et al., 2010; Kennedy and Raz, 2009; Monge
et al., 2016; Shaw et al., 2015), we had expected that frontopar-
ietal FA or connectivity would mediate the age-cognition relation.
Only sensorimotor resting-state functional connectivity, however,
emerged as a mediator of age-related decline in executive function
(Table 6 and Fig. 3). The sensorimotor network and executive
function measures both exhibited strong age-related effects, rela-
tive to other measures in their respective domains (Table 4), which
may have contributed to the mediating effect for sensorimotor
resting-state functional connectivity. However, frontoparietal FA
and PV WMH volume also exhibited significant age-related vari-
ance when partialled for the other domain-relevant imaging mea-
sures (Table 4), and yet neither of these measures was a significant
mediator.

As noted previously in this discussion, evidence is accumulating
to suggest an important role for structural and functional



Table 6
Sensorimotor resting-state FC indicator variables as mediators of age-residual executive function relation

Model Effect SE b t p Lower CI Upper CI

Model: x ¼ age; m ¼ primary visual RS FC; motor cortex RS FC; basal ganglia/thalamus RS FC; y ¼ residual executive function
x / m (a path)
Age / primary visual RS FC L0.0338 0.0054 L0.4570 L6.2379 0.0001 L0.0480 L0.0197
Age / motor cortex RS FC 0.0040 0.0043 0.0897 0.9464 0.3456 �0.0071 0.0152
Age / basal ganglia/thalamus RS FC L0.0402 0.0054 L0.5231 L7.5048 0.0001 L0.0542 L0.0262

m / y (b path)
Primary visual RS FC / residual executive 0.0457 0.0335 0.1235 1.3637 0.1749 �0.0418 0.1333
Motor cortex RS FC / residual executive �0.0349 0.0427 �0.0679 �0.8163 0.4157 �0.1464 0.0767
Basal ganglia/thalamus RS FC / residual executive 0.0675 0.0340 0.1898 1.9837 0.0493 �0.0214 0.1563

Mediation effects (a x b interaction)
Primary visual RS FC �0.0015 0.0012 �0.0564 d d �0.0046 0.0019
Motor cortex RS FC �0.0001 0.0003 �0.0061 d d �0.0015 0.0006
Basal ganglia/thalamus RS FC �0.0027 0.0014 �0.0993 d d �0.0067 0.0009
Total effect for age (c path) �0.0062 0.0022 �0.2333 �2.8551 0.0050 �0.0119 �0.0005
Direct effect for age (c’ path) �0.0018 0.0028 �0.0716 �0.6409 0.5227 �0.0092 0.0055

Note. Effect, unstandardized regression coefficient; SE, standard error of unstandardized regression coefficient; b, standardized regression coefficient; t, t value for unstan-
dardized regression coefficient; p, probability level for t; Lower/Upper CI, lower/upper bounds of 99% confidence intervals for unstandardized regression coefficient, estimated
from bootstrap sampling with 10,000 samples.
Significant effects are presented in bold.
Key: a, path from predictor to mediator; a x b, interaction of a and b paths representing indirect influence of x as mediated bym; b, path frommediator to outcome, controlling
for a path; c, total effect of predictor; c’, direct effect of predictor, controlling for mediator; FC, functional connectivity; m, mediator; RS, resting state; x, predictor variable; y,
outcome variable.
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connectivity of subcortical structures in neurocognitive aging
(Fama and Sullivan, 2015; Kievit et al., 2014; Madden et al., 2004;
Samanez-Larkin et al., 2012; Ystad et al., 2011). In their 1970 re-
view, Hicks and Birren (1970) concluded, from studies of human
neurodegenerative disease and animal neurophysiology, that the
basal ganglia and their associated cortical targets comprised a
neural mechanism of age-related psychomotor slowing. Direct
comparison of the present results with previousmediation analyses
(Fjell et al., 2016; Hedden et al., 2016; Kievit et al., 2014; Shaw et al.,
2015) is difficult in view of the different sets of variables chosen as
mediators, and as outcome variables, across studies. The present
results underscore the importance of resting-state functional con-
nectivity, within a regionally specific network, as a potential source
of age-related decline in executive function (Shaw et al., 2015).

These findings are constrained by several limitations. First, we
grouped the indicator variables for the specific cognitive and
imaging domains on an a priori basis, from the previous literature
and known anatomy. A more empirically derived grouping of the
indicator variables (e.g., from factor analysis) would lead to a
different set of summary measures and to different models of the
age-related effects. Second, our interest was in imaging measures
related to structural and functional connectivity, and other mea-
sures, particularly cortical thickness, white-matter volume, amy-
loid burden, and cerebral metabolic rates, are relevant as potential
mediators (Fjell et al., 2016; Hedden et al., 2016; Salthouse et al.,
2015). The structural imaging variables, in particular, may have
additional predictive value when the sample is not as highly select
in cognitive and physical health as in the present case. Third, the
mediation effect that we observed, for sensorimotor resting-state
functional connectivity, may be related to sampling a relatively
wide age range from 19 to 79 years, as the mediation effect was
no longer significant when limited to individuals 60 years of age
and older. Finally, caution is needed in the interpretation of age-
related effects in cross-sectional data. It is important to empha-
size that age-related differences in cognitive and neural measures,
as reported here, do not directly represent longitudinal change in
those measures (Hofer and Sliwinski, 2001; Lindenberger et al.,
2011). Longitudinal designs, however, although valuable for
including information regarding change over time, also have
limitations. For example, as a result of the correlation of scores
across measurement occasions, the systematic variance in change
over time may be small relative to the variance at each mea-
surement occasion (Salthouse, 2011a; Salthouse and Nesselroade,
2002). Thus, converging evidence from both cross-sectional and
longitudinal analyses would enhance the interpretation of these
findings.
4. Conclusions

Models of neural disconnection in age-related cognitive decline
vary across different levels of analysis. At a broad level, with a single
measure of fluid cognition and summary measures of cerebral
white-matter integrity, resting-state functional connectivity, and
WMH volume, age had a strong and independent influence on the
cognitive and imaging measures, and the imaging variables did not
influence the age-cognition relation. At a more specific level of
analysis, with individual measures of fluid cognition and regionally
defined imaging variables, and controlling for the shared variance
among indicator variables, we obtained evidence for individual
sources of disconnection. Executive function exhibited age-related
decline that was independent of perceptual speed and memory.
Age, however, influenced executive function indirectly, through a
decline in the resting-state functional connectivity of sensorimotor
networks (visual, motor, and basal ganglia/thalamus). Each of our
regionally specific imaging measures, while representing anatom-
ically plausible domains, still comprised several indicator variables
with potentially distinct contributions. In future investigations, it
would be useful to explore additional models at a more specific
level, testing the roles of the individual indicator variables as
sources of disconnection in neurocognitive aging.
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