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Abstract

Objectives—Despite changes to brain integrity with aging, some functions like basic language
processes remain remarkably preserved. One theory for the maintenance of function in light of
age-related brain atrophy is the engagement of compensatory brain networks. This study examined
age-related changes in the neural networks recruited for simple language comprehension.

Methods—Sixty-five adults (native English-speaking, right-handed, and cognitively normal)
aged 17-85 years underwent a functional magnetic resonance imaging (fMRI) reading paradigm
and structural scanning. The fMRI data were analyzed using independent component analysis to
derive brain networks associated with reading comprehension.

Results—Two typical frontotemporal language networks were identified, and these networks
remained relatively stable across the wide age range. In contrast, three attention-related networks
showed increased activation with increasing age. Furthermore, the increased recruitment of a
dorsal attention network was negatively correlated to gray matter thickness in temporal regions,
whereas an anterior frontoparietal network was positively correlated to gray matter thickness in
insular regions.

Conclusions—We found evidence that older adults can exert increased effort and recruit
additional attentional resources to maintain their reading abilities in light of increased cortical
atrophy.
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INTRODUCTION

Typical Language Network

In aging individuals, language comprehension is critical for maintaining a high quality of
life. Reading comprehension requires more than just understanding single words and
sentences but additionally calls for constructing and understanding representations of
language at its phonological, semantic, syntactic, and thematic levels. The neural basis of
these aspects of language comprehension have been extensively explored in healthy, younger
adults using functional magnetic resonance imaging (fMRI) (Binder et al., 2000; Friederici,
2012; Hickok & Poeppel, 2007; Price, 2012; Rauschecker & Scott, 2009; Tyler & Marslen-
Wilson, 2008). However, since age-related atrophy is well-documented (Fjell et al., 2009;
Raz & Rodrigue, 2006; Raz et al., 2004; Storsve et al., 2014), investigating how language
comprehension networks may be altered in aging may articulate ways to improve everyday
functioning of older adults.

One method of studying comprehension on a neural level is by using fMRI tasks that involve
reading or listening to sentences and narratives. Meta-analyses of narrative comprehension
tasks in younger, healthy adults report activation of a left-dominant frontotemporal network
along the Sylvian fissure that includes the superior and middle temporal gyri,
temporoparietal junction, anterior temporal lobes, frontal operculum, and inferior frontal
gyrus when compared to a resting baseline (Ferstl et al., 2008; Mar, 2011). Because the
focus of reading-based comprehension studies has been on younger adults and
developmental studies, it is unclear how brain aging may affect reading comprehension on a
neural level.

Age-Related Brain and Cognitive Changes

Structural and functional brain changes during aging are well-established and include gray
matter volume reductions with preferential loss in the prefrontal cortex (PFC), temporal and
parietal lobes, subcortical gray matter, and the cerebellum (Alexander et al., 2012, 2006;
Bergfield et al., 2010; Fjell et al., 2009; Raz & Rodrigue, 2006; Raz et al., 2004; Walhovd et
al., 2005). Selective declines in cognitive functions are also associated with the aging
process, most notably in working memory, attention, inhibition, and processing speed (Drag
& Bieliauskas, 2010; Glisky, 2007; Salthouse, 2010). Despite these changes, older adults’
implicit memory, knowledge storage, and some language abilities, like vocabulary, remain
relatively intact, with performance declines in these domains predominately related to
increasing difficulty and effortful processing (Grossman et al., 2002; Park & Reuter-Lorenz,
2009; Park et al., 2002; Shafto & Tyler, 2014; Wingfield & Stine-Morrow, 2000).

Age-related behavioral changes in reading comprehension have been reported (Caplan &
Waters, 2005; Caplan et al., 2011; DeDe, 2014; Meyer, 1987; Wingfield et al., 2003). At the
single word level, older adults read and recognize individual words slower than younger
adults (Kliegl et al., 2004; Rayner et al., 2006; Stine-Morrow et al., 2001), likely reflecting
overall cognitive slowing (Salthouse, 2010), and make more errors recognizing words with
greater phonological neighborhood densities compared to younger adults (Taler et al., 2010).
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In single word comprehension using predictability paradigms, older adults are generally
worse than younger adults at predicting upcoming words in a sentence unless given ample
time for processing (DeDe & Flax, 2016). Other studies find that for self-paced reading or
listening paradigms at the sentence level, comprehension is slower, but find no age-related
decline in syntactic processing (Burke & Shafto, 2008; Caplan & Waters, 2005; Norman et
al., 1992). Declines in reading or listening comprehension performance using probes (offline
measures) are likely due to declines in working memory (Caplan et al., 2011; Kemtes &
Kemper, 1997; Norman et al., 1992; Wingfield & Grossman, 2006). However,
comprehension of higher-level sentence meaning remains relatively intact until very old age
(Mackenzie, 2000).

To delineate brain activity during language comprehension in older adults, the few existing
studies use aurally presented, single-sentence fMRI paradigms. In a study investigating the
neural networks engaged in levels of syntactic complexity (Peelle et al., 2009), both young
and older adults showed increased activation for syntactic complexity in areas which are
typically associated with language processing (Binder et al., 2000; Friederici, 2012; Hickok
& Poeppel, 2007; Price, 2012; Rauschecker & Scott, 2009; Tyler & Marslen-Wilson, 2008).
However, as the sentences became more syntactically complex, older adults exhibited
reduced activation in left inferior frontal regions relative to younger participants, and also
recruited middle and superior frontal areas that were not included in the sentence-processing
network seen in younger adults (Peelle et al., 2009). A comprehension study using visually
presented sentences also found increased activation for complex sentences in dorsal regions
of the left inferior frontal gyrus in older compared to younger adults, despite similar
behavioral performance (Grossman et al., 2002). These findings suggest that as age-related
atrophy affects brain functioning, older adults may recruit additional and specifically frontal
brain regions in response to language, in order to maintain similar performance levels to
younger adults (Wingfield & Grossman, 2006). These findings are consistent with models of
compensatory mechanisms of cognitive aging that propose increases in neural recruitment to
compensate for atrophic changes (Cabeza, 2002; Park & Reuter-Lorenz, 2009). Neither of
these studies of compensation incorporated atrophic changes in their analyses, which limits
the extent to which structure—function relationships can be made.

Changes in Language Network Activation and Age-Related Atrophy

A small body of literature suggests atrophy within left language-related temporal regions in
older adults contributes to behavioral difficulties in auditory comprehension behavior, and is
also associated with increased neural activity in right temporal and bilateral frontal regions
(Eckert et al., 2008; Tyler et al., 2009). Increased prefrontal cortical activation is proposed to
be a compensatory mechanism by which the brain maintains, or attempts to maintain,
behavior despite declining structural integrity. The Scaffolding Theory of Aging and
Cognition (STAC) suggests that as age-related neural declines occur, additional neural
pathways are more strongly developed to accomplish particular cognitive goals (Park &
Reuter-Lorenz, 2009). This model specifically posits that language abilities are sufficiently
maintained with age by supplementary and compensatory brain regions. Thus, the observed
relationship between atrophy in language regions and increased frontal cortex activation in
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response to language processing can provide insight into the possible mechanism by which
language abilities are maintained with age.

The Present Study

It is unclear whether age-related structural changes within the language network relate to
increases in frontal cortex recruitment in regions outside the frontotemporal language
network during language comprehension, as proposed by the STAC model. We aimed to fill
this gap in knowledge by examining cortical atrophy and brain activity in a large age range
of individuals. We used a passive narrative reading fMRI paradigm, thus minimizing extra-
language systems that are present when responses are required, to determine the relationship
between age-related atrophy and the recruitment of frontal brain networks. Passive reading
or listening paradigms may provide a more accurate representation of the neural resources
recruited for language comprehension, as recent evidence suggests response-based language
paradigms elicit additional networks that are not recruited during natural comprehension
(Campbell et al., 2016; Davis et al., 2014; Hasson et al., 2006; Zhang et al., 2014).

In healthy adults aged 17-85 years using independent component analysis (ICA) techniques
to identify neural networks, we sought to expand the Parks and Reuter-Lorenz (2009)
scaffolding model of aging to language functioning. ICA methods were used in this study
because this approach has been shown to reveal more brain regions showing task-related
activation compared to general linear model (GLM)-based techniques (Xu et al., 2013).
Further, in ICA the time course of the onset and offset of each task condition is correlated to
the time course associated with each functionally connected brain network. Sometimes,
regions within one identified network overlap with regions in a separate network, and it has
been argued that this likely reflects the occurrence of more than one neural process within
the shared regions (Xu et al., 2013). Thus, this technique allows you investigate the dynamic
changes in network involvement between task conditions, as opposed to individual voxels or
regions that significantly differ in activation in one condition compared to another.
Therefore, we predicted similar recruitment of classic frontotemporal language networks
across ages, but in response to increasing atrophic changes, older adults would recruit
additional frontal lobe networks to support language comprehension. Our study combines
whole-brain structural and functional imaging analyses to expand the compensatory aging
model to the critical cognitive function of language.

METHODS

Participants

Sixty-five adults aged 17-85 years [43 women; mean (SD) age = 52.57 (20.49); mean (SD)
education = 15.91 (3.03) years] participated in this study. These participants represent a
convenience sample of participants who were recruited for several neuroimaging
longitudinal studies of Alzheimer’s disease across several institutions in the Arizona
Alzheimer’s Consortium (Barrow Neurological Institute (BNI) and Banner Sun Health
Research Institute). All participants were native English-speaking, right-handed, and
cognitively normal with no clinical diagnosis of mild cognitive impairment or dementia.
Eligibility for older adult participants included a Mini Mental Status Exam (Folstein et al.,
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1975) score of =25 and no indicators of depression as measured by either the Geriatric
Depression Scale (Yesavage et al., 1982) or the Beck Depression Inventory-11 (Beck et al.,
1996). Older participants were in the parent studies for more than 5 years, and all remained
cognitively intact, suggesting that none had clinical symptoms of degenerative disease at the
time of data collection. Written informed consent was obtained from the participant in
accordance with the individual institutions’ Institutional Review Board guidelines.

fMRI Task Design

The passive reading paradigm consisted of alternating blocks of sentences that formed short
stories and blocks of repeating letter strings. Letter strings were used as an active control
condition, as opposed to a “rest” block wherein only a visual crosshair is presented, to
control for early visual processing and single-letter orthographic representations (Fernandez
et al., 2003; Noppeney & Price, 2004; Robertson et al., 2000). Thus, modeling the dynamic
network fluctuations to the presentation of the reading blocks compared to the letter blocks
should identify networks engaged in processing meaningful language stimuli at the
semantic, syntactic, and thematic levels. Five stories, each presented for 24 s in duration, and
five baseline letter blocks, each presented for 18 s, were displayed for a total duration of 3
min and 36 s. The stories contained 6.7 sentences with 10.5 words per sentence on average
(e.g. “Mr. Jones had to go to New York on business. He lives in Philadelphia ... ). The
letter blocks consisted of strings of consonants arranged in similar lengths as the words and
sentences in the reading blocks (e.g. “Hhhh ggggg d ddd™). The words and sentence
structures within the stories were on average at a Flesch—Kincaid third grade reading level in
order to minimize the need for working memory. No responses were required during
scanning. To ensure task adherence, all participants were informally asked content questions
(e.g. names of characters and thematic content) about the stories after scanning. All
participants could recall major story themes; these data were not recorded. The stimuli were
presented through Neurolab’s MR-compatible high-resolution goggles and synchronization
system in order to sync stimulus delivery with the start of image acquisition. Presentation®
software (www.neurobs.com) was used for the creation and delivery of stimuli.

MRI Procedures and Analysis

All scans were performed on a 3T GE Signa HDX scanner (General Electric, Milwaukee,
WI, USA) located at BNI in Phoenix,AZ, and using an eight-channel head coil. Echo-planar
imaging (EPI), T2*-weighted scans were acquired axially (TE =30 ms, TR = 3000, field of
view = 24 cm, matrix = 64 x 64, 4-mm-thick slices, 0 skip, covering the entire brain, for
near isotropic resolution = 3.75 x 3.75 x 4 mm3). High-resolution three-dimensional (3D)
T1-weighted anatomical scans were collected using a 3D spoiled gradient recalled echo
pulse sequence (TE = Min/Full, Preptime = 300, flip angle = 13, EX = 2, slice thickness = 2
mm, 0 skip between slices, Field of view = 24 cm, in plane resolution = 0.9375 mm?
voxels). Images were acquired in the axial plane. T1 scan duration measured 6 min.

In order to determine the pattern of brain atrophy associated with aging, we generated
whole-brain cortical thickness from the T1-weighted images using the Freesurfer 5.3.0
software (http://surfer.nmr.mgh.harvard.edu/) (Dale et al., 1999; Fischl, 2012; Fischl & Dale,
2000). Briefly, this process includes motion correction, skull stripping, intensity
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normalization, segmentation of the gray matter, and transformation to the Talairach template.
Statistical maps were generated using FreeSurfer’s Query, Design, Estimate, Contrast
(QDEC) interface. To explore the effects of age on gray matter thickness, we conducted a
GLM with participant age as a predictor and gender as a covariate. False-discovery
correction at p < .05 was applied to the results to control for multiple comparisons. Mean
gray matter thickness was calculated within regions of interest (ROIs) that showed
significant thickness decreases with age localized to regions of left hemisphere language
network. Mean thickness within ROIs were then used in correlation analyses of gray matter
thickness and ICA network analysis.

FMRI data sets were preprocessed using the software package Statistical Parametric
Mapping (SPMS8, http://www.fil.ion.ucl.ac.uk/spm, Wellcome Department of Imaging
Neuroscience, London, UK) implemented in MATLAB (MathWorks Inc., Natick, MA,
USA). Briefly, all images were spatially realigned to remove motion-related signal changes,
normalized to the Montreal Neurological Institute (MNI) EPI template to ensure all images
were in a common space, and smoothed with a Gaussian kernel of 4 mm3. All scans were
confirmed to have less than 2-mm translational displacement and less than 1° rotational
displacement prior to undergoing post-processing. Next, a group ICA was performed using
the GIFT toolbox (http://icath.sourceforge.net) as described by Kim et al. (2009), with each
extracted component representing spatial patterns of brain regions that share a similar time
course of BOLD (blood oxygen level-dependent) signal change (i.e. functional brain
networks). ICA was performed on the participants as a group and second-level analyses
were performed to examine age-related differences. The optimal number of networks was
determined to be 25 using a modified minimum description length algorithm (Li et al.,
2007). A one-sample #test at an FWE (family-wise error)-corrected threshold (o < .001) was
performed on each resulting network to determine the significant regions involved with each
identified time course.

To identify artifactual networks (i.e. those related to motion, physiological noise, white
matter, etc.), each network spatial map was correlated with SPM8 MNI prior probabilistic
maps of white matter and cerebrospinal fluid (CSF) to identify maps related to ventricle
signal or other sources of signal artifacts. If the spatial correlation for white matter was
greater than /2= .02 or if the correlation for CSF was greater than /2= .05, then the network
was discarded (Kim et al., 2009; Stevens et al., 2007). Similarly, networks were discarded if
they had less than 2= .025 association with the SPM8 MNI gray matter prior probability
map (Stevens et al., 2007). A visual inspection was also performed to identify and remove
networks associated with motion artifacts.

To identify networks associated with the experimental design, regressions were performed
on the remaining 16 ICA networks’ time courses with the SPM8 GLM design matrix of the
reading and letter active control condition onsets convolved with a canonical hemodynamic
response function. The beta weights from these regressions reveal the degree to which each
network time course correlated with the task time course, alternating between the reading
and letter conditions (i.e. a high beta weight indicating a task-related component). Two-
tailed, one-sample t-tests [p < .003 with Bonferroni correction (.05/16 = .003)] were
performed on the average network beta weights across all participants to identify networks
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that were significantly and either positively or negatively related to the onset of the reading
condition. The resulting significant networks’ beta weights were entered into a partial
correlational analysis with participant age, controlling for gender, using bias-corrected and
accelerated bootstrapping 95% confidence intervals (Cls) at 1000 iterations (p < .05,
reported in brackets) to identify reading-related networks that differed with age. Networks
were visually identified by comparing significant network region location and extent to
previously described brain networks (Power et al., 2011; Yeo et al., 2011).

Partial correlations were used to compare average gray matter thickness within ROIs and
individual participants’ reading network beta weights. All analyses controlled for age and
gender and were also bias corrected with accelerated bootstrapping 95% Cls at 1000
iterations (p < .05). Statistical analyses on the network beta weights and average gray matter
thickness were performed using IBM SPSS Statistics (Windows version 22.0, Chicago, IL,
USA).

Structural Gray Matter Analysis

Cortical thickness measurements were obtained from 50 of the participants (age mean (SD)
= 48.48 (19.15), age range 17-84 years, 35 females) who had sufficiently high-quality T1
scans, and revealed declines in gray matter thickness associated with advancing age in
bilateral insula, portions of the inferior frontal cortices, middle to anterior temporal cortices,
and middle to posterior cingulate cortices (Figure 1; Supplementary Table S1), with
posterior temporal, parietal, and occipital regions relatively spared.

Network Analysis

There were two identifiable language comprehension networks that were significantly and
positively related to the reading condition but were not significantly correlated with age. The
“Posterior Language Network” consisted of a network including bilateral posterior temporal
lobe as well as smaller portions of the left and right inferior frontal cortex, with greater and
more extensive involvement of the left hemisphere (see Figure 2 top and Table 1). The
partial correlation analysis between age and this network’s reading condition beta weights
controlling for gender was not significant (r=-.170, Cl [-.422, .112], p=.179). The
“Anterior Language Network” included bilateral frontal regions, medial superior frontal
gyrus, and a region of the left middle temporal gyrus, with greater and more extensive
involvement of the left hemisphere (see Figure 2 bottom and Table 1). This network was also
not significantly correlated with age, controlling for gender (r=.032, CI [-.250, .336], p=".
801). No significant correlations were found when gender was removed as a covariate.

In a conventional GLM-based analysis comparing activation in the reading condition to the
letter control condition, greater activation to the stories was observed predominately along
the left middle temporal gyrus and bilateral calcarine sulci (Supplementary Figure S1 and
Supplementary Table S2). Although some differences in the regions identified by each
methodology were observed (e.g. left frontal gyrus and primary visual cortex), both ICA and
GLM methodologies identified left middle temporal gyrus. The ICA approach identified a

J Int Neuropsychol Soc. Author manuscript; available in PMC 2019 October 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fitzhugh et al.

Page 8

greater set of regions related to story reading than the conventional GLM. The differences
between these methodologies are not surprising. Since ICA uses a data-driven and
hypothesis-free method to determine the spatial structure of underlying networks, ICA
differs from GLM approaches such as SPM which adopt a confirmatory analysis method that
tests an a priori hypothesis based on a predetermined behavioral response with corrections
for violations of multiple comparisons that arise in GLM voxel-based analyses. Because of
these differences in assessing BOLD responsivity, ICA will identify regions that may be
difficult to hypothesize a priori. Further, ICA is more robust to motion and other artifacts
that could make it more sensitive for identifying regions that show a regular but weak BOLD
response, resulting in a greater set of regions related to a task. For further information on
ICA and its differences to conventional GLM, see Calhoun and de Lacy (2017), Calhoun et
al. (2008), James et al. (2014), McKeown et al. (2003), and Xu et al. (2013). Furthermore,
regressions of the reading versus letter control GLM contrast with participant age exhibited
no voxels that survived multiple comparison corrections (FWE p < .05).

There were three networks that were significantly and negatively related to the reading
condition that showed significant positive correlations with age, including gender as a
covariate. This indicates that there was increased use of these networks with increased age.
Adding education as a covariate did not substantially change the findings below. The dorsal
attention network (DAN) showed significant involvement in left and right superior parietal
lobe as well as a region in the right inferior frontal gyrus, and was significantly correlated
with age, controlling for gender [Figure 3(a) and Table 2; r=.286, CI [.070, .480], p=.022].
The frontoparietal network (FPN) consisted of bilateral prefrontal regions and anterior
cingulate cortex [Figure 3(b) and Table 2], corresponding to the anterior regions of the FPN,
and was significantly correlated with age, controlling for gender (r=.312, Cl [.122, .517], p
=.012). The posterior FPN demonstrated involvement predominately in the left inferior
parietal lobe extending into the supramarginal gyrus, left middle frontal gyrus, and left
medial superior frontal gyrus, and was significantly correlated with age, controlling for
gender [Figure 3(c) and Table 2; r=.269, CI [.002, .496], p = .032]. It should be noted that
these effects are marginal, in the small to moderate range, and when corrected for multiple
comparisons for the five tested networks [p < .01 (Bonferroni .05/5 = .01)], only the
relationship between the anterior FPN and age remains significant.

Structure—Function Correlations

Gray matter atrophy was correlated with the beta weights of reading networks showing age-
related changes. The average gray matter thickness within both the left superior temporal
and middle temporal ROIs were significantly and negatively correlated with the DAN
involvement to the language paradigm (r=-.393, CI [-.575, —.161], p=.006 and r=-.439,
Cl [-.633, -.181], p=.002, respectively) controlling for age and gender (Figure 4).
Additionally, the average gray matter thickness in the left inferior frontal/insula ROI was
significantly and positively correlated to the anterior FPN involvement after controlling for
age and gender: r=.318, CI [.016, .562], p=.028 (Figure 4). Posterior FPN involvement in
the language paradigm was not correlated to gray matter thickness in any ROI (superior
temporal ROI: r=.062, Cl [-.164, .298], p=.674; middle temporal ROI: r=.129, Cl [-.
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192, .436], p=.383; and inferior frontal/insula ROl r=.103, Cl [-.142, .355], p= .486).
Adding education as a covariate did not alter these trends.

DISCUSSION

Our findings demonstrate that the classically defined language network remains stable with
age but that additional networks are recruited to maintain sufficient function. These findings
strongly support the STAC (Park & Reuter-Lorenz, 2009). This model posits that cognitive
functioning is largely maintained during aging despite significant biological changes through
the engagement of secondary neural circuitry. The model specifically addresses the
maintenance of language skills through life and posits that this function may have an
extensive and overlearned scaffolding network. This is in line with our findings that older
adults are still able to engage frontotemporal language networks similar to younger adults in
a passive reading fMRI paradigm. However, older adults utilize additional brain networks
that are associated with guiding and focused attention while reading to a greater degree than
younger adults. Critically, we find that structural declines within portions of the language
network may necessitate the recruitment of additional brain networks, like the DAN and
FPN, likely to maintain sufficient reading comprehension.

Age-Related Changes in Network Recruitment

As expected, we found no significant age-related differences in the recruitment of two
frontotemporal brain networks associated with reading comprehension: a posterior language
network and an anterior language network. Our findings agree with previous studies of the
language comprehension neural networks across the life span, with the anterior language
network overlapping largely with the described dorsal language stream and the posterior
language network overlapping with the ventral language stream (Friederici, 2012; Hickok &
Poeppel, 2007; Price, 2012; Rauschecker & Scott, 2009; Saur et al., 2010). Both ICA and
GLM approaches identified the left middle temporal gyrus, a key region for lexical-semantic
processing, as more involved in the reading condition over the letter control condition
(Binder et al., 2009; Démonet et al., 2005; Turken & Dronkers, 2011). However, some
differences in the regions constituting the language network were observed between ICA
and GLM methodologies, namely that the GLM analysis found increased activation in visual
cortex and not inferior frontal regions. The inclusion of inferior frontal cortex in the ICA
analysis mirrors previous studies that illustrate functional connectivity between major hubs
of the language network, particularly the middle temporal and inferior frontal cortical
regions (Tomasi & Volkow, 2012b; Turken & Dronkers, 2011). The exclusion of inferior
frontal regions within the GLM analysis is to be expected; inferior frontal cortex is typically
only observed in fMRI activation comparisons of complex versus simple grammatical
structures, conditions which require domaingeneral resources to aid in reading
comprehension (e.g. working memory or cognitive control), or paradigms that require a
response (Narain et al., 2003; Rogalsky & Hickok, 2011; Rogalsky et al., 2008). In this
study, the story condition consisted of grammatically simple sentences with relatively low
working memory demands and did not require a response. Further, theGLMcontrast included
activation in visual cortex while the ICA approach did not, likely reflecting the particular
contrast in the GLM analysis and not traditional language network involvement per se.
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Previous studies comparing coherent text to letter strings also observe increased activation in
visual cortical areas, including calcarine sulcus, reflecting increased visual analysis of words
(Choi et al., 2014; Henderson et al., 2015). Therefore, it is likely that activation outside of
inferior frontal and superior temporal/inferior parietal regions in response to language
comprehension as seen in older adults reflects the need for additional, domain-general
cognitive resources.

These findings provide further support for the compensation model that older adults require
additional neural resources in an attempt to maintain comparable function to younger adults
(Park & Reuter-Lorenz, 2009; Reuter-Lorenz & Cappell, 2008), further suggesting that
additional resources are needed for even relatively simple tasks. In the third-grade-level,
narrative-based reading paradigm used here, advancing age was associated with increasing
recruitment of three additional networks that spatially overlap with brain networks that
together comprise the well-defined, task-positive network (Fox et al., 2006). The regions
within this network have been characterized as the Multiple-Demand system (Duncan, 2013)
or more recently, the Extrinsic Mode Network (EMN; Hugdahl et al., 2015). The ICA
technique applied here divide this network into three subnetworks: the DAN and the FPN
divided into anterior and posterior aspects of this network. Previous work has also separated
these distinct networks from the EMN (Power et al., 2011; Yeo et al., 2011). Important for
the current study, the EMN is frequently observed during fMRI tasks associated with higher-
order cognitive functions like attention, working memory, and executive control (i.e.
allocation of domain-general cognitive resources in response to a challenge) in addition to
resting-state fMRI paradigms (Cole & Schneider, 2007; Duncan, 2013; Fox et al., 2006;
Hugdahl et al., 2015; Niendam et al., 2012; Owen et al., 2005; Seeley et al., 2007; Vincent et
al., 2008). This is consistent with our hypothesis that older adults engage non-language
networks during language processing and supports the STAC model.

Age-Related Changes in the DAN

Our finding of age-related differences in engagement of the DAN, which includes bilateral
intraparietal sulcus and the right superior frontal gyrus/frontal eye fields (Corbetta &
Shulman, 2002), is one of the first reported for reading. Greater activation in bilateral
superior frontal gyri or intraparietal sulci has been reported for aurally presented sentences
or single words in older adults compared to younger adults (Peelle et al., 2009; Tyler et al.,
2009; Wong et al., 2009). However, in a study by Jobard et al. (2007), the authors directly
contrast reading text to listening to speech and report activation in the left precentral gyrus
and superior parietal lobe, regions within the DAN, as well as bilateral occipital regions,
thus suggesting that the DAN engages during reading rather than auditory presentation of
language. A recent meta-analysis of word reading and eye movements during fMRI support
this notion, demonstrating overlapping activation for reading and eye movements in left
superior parietal and precentral regions (Zhou & Shu, 2017). It is possible that the
recruitment of the DAN in this study reflects the use of visually presented text and increased
use of this network during aging is used to help maintain and orient visual attention to the
text.
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Alternatively, eye-tracking studies of reading reveal that older adults produce more word
fixations, more frequent and longer saccades, and skip words more often than younger
adults, and that was not fully explained by visual acuity declines (Gordon et al., 2016; Kliegl
et al., 2004; Rayner et al., 2006). Further, older adults are more likely to make regressive eye
movements toward initially skipped words, suggesting that their initial interpretation of the
passage meaning was incorrect, reflecting a riskier reading strategy (Gordon et al., 2016).
The increased recruitment of the DAN during reading with age may instead reflect these
differences in reading strategy.

Additionally, this network is reportedly involved in top-down biasing of attention toward
goal-related stimuli or events (Corbetta & Shulman, 2002; Fox et al., 2006; Vossel et al.,
2014), which may be more important in older individuals who must exert greater effort to
perform the task. Madden (2007) has suggested that activation of frontal and parietal regions
within theDANIn response to cognitive tasks reflects an increased reliance on top-down
attentional control in older adults. Functional connectivity within the DAN network
decreases with age, which may explain age-related difficulties with sustained attention
(Tomasi & Volkow, 2012a). This study adds to the growing literature and suggests aging
requires additional brain network engagement to orient one’s locus of attention to and
maintain attention on even simple, written text.

Age-Related Changes in the FPN

In our study, the anterior and posterior portions of the FPN, including bilateral prefrontal
regions and anterior cingulate cortex in the anterior portions and inferior parietal lobe and
left middle and medial superior frontal gyri in the posterior portions, also showed a positive
relationship with participant age (Seeley et al., 2007; Vincent et al., 2008). Similar findings
of increased FPN activation to visually presented sentences in older adults have been
reported for the left dorsal inferior frontal cortex and right posterior temporal-parietal
regions (Grossman et al., 2002). Younger adults only expressed this pattern when sentences
were long or syntactically complex, reflecting the highest working memory load (Wingfield
& Grossman, 2006). Considering our findings of increased FPN involvement, this suggests
that older adults may rely upon increased working memory resources while reading even
simple passages compared to young adults. In auditory paradigms, older adults were found
to maintain increased activation in the anterior cingulate in both clear and degraded speech,
overlapping with our reported anterior FPN (Erb & Obleser, 2013). These findings indicate
that older adults rely upon attention networks to a greater degree than younger adults
regardless of the perceptual difficulty, and that the effortful aspect of language processing is
not simply a reflection of the degradation of primary auditory or visual processing. Erb and
Obleser (2013) also demonstrated that greater activation in the right middle frontal gyrus (a
region within the FPN) was associated with better comprehension of degraded auditory
sentences in older adults but not in younger adults. Our study extends these findings further
by suggesting that, even when auditory processing is not required, older adults still recruit
regions within the FPN.

Many studies have shown similar age-related increases in FPN activity in response to a
variety of stimuli and tasks not related to language processing. Many studies have linked
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activation of the FPN to working memory performance, with activation increasing within the
network with increasing task difficulty (i.e. item set size; for reviews see Nee et al., 2013;
Owen et al., 2005). In a study that compared network activation in an r+back task between
younger and older adults, older adults were reported to exhibit greater activation within
ventrolateral PFC and the right FPN relative to younger adults (Saliasi et al., 2014). These
findings indicate that the involvement of the FPN in our reading task may suggest that older
adults rely upon working memory processes to a greater degree than younger adults, even in
response to relatively simple short stories.

Comparatively, in a visuospatial reasoning task, older adults exhibited increased activation in
medial prefrontal and supramarginal/parietal regions compared to younger adults, with
increased activation positively correlating with enhanced task performance in older adults,
suggesting a similar compensatory role of this network for supporting sustained visual
attention (Drag et al., 2016). Increased recruitment of the anterior and posterior aspects of
the FPN in our study, similar to the DAN, may reflect increased effort toward maintaining
visual attention.

Relationship Between Atrophy and Network Recruitment

In our sample, age-related atrophy spared Wernicke’s area (i.e. posterior temporal and
inferior parietal regions) and frontal and parietal regions of the attention networks. Notably,
recruitment of the network we identify as the posterior language network, including ventral
language stream regions such as the posterior superior and middle temporal lobes and the
left inferior frontal gyrus (Hickok & Poeppel, 2007; Saur et al., 2010), did not differ with
age in response to the reading paradigm. Instead, increased recruitment of the DAN
correlated with reduced gray matter thickness in middle to anterior temporal areas. This
finding differs from previous studies which showed reduced gray matter volume in middle
and superior temporal gyri was associated with increased activation in left superior temporal
gyrus and middle frontal gyrus, as well as right hemisphere homologues of the language
network, all regions which fall outside the DAN (Eckert et al., 2008; Tyler et al., 2009).
Differences in the relationship between atrophy and network recruitment between these
studies and the one reported here may reflect differences in the type of language stimuli used
(i.e. auditory versus visual). This study did not include diffusion tensor imaging, which
would help determine whether concurrent white matter integrity in the temporal lobes also
show similar relationships with age-related network recruitment.

Similar results of atrophy and increased fMRI activity associations more generally have
been reported, such that older adults with increased atrophy in superior frontal, superior
temporal, and inferior parietal areas engaged portions of the FPN the most (Marstaller et al.,
2015). During aging, language networks may have less efficient processing or
comprehension of language stimuli, either due to the structural degradation of neurons
within the language network or of white matter tracts connecting regions of the language
network, and therefore must engage additional brain networks to maintain function.
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Alternative Hypotheses and Limitations

There are alternative hypotheses to explain why older adults show increases in attention-
related network recruitment compared to younger adults. Some suggest this observation
reflects age-related dysregulation in brain networks that support cognition (Andrews-Hanna
et al., 2007; Damoiseaux et al., 2008; Morcom & Henson, 2018), while others suggest it
reflects overall decline in brain structural integrity with age, which equally impacts sensory
and cognitive processes (Baltes & Lindenberger, 1997; Park et al., 2004). Our findings do
not support these hypotheses because we found no age differences in the use of the classic
frontotemporal language brain regions, demonstrating that there was not a generalized
dysfunction between all brain regions and networks. However, as reported by Andrews-
Hanna et al. (2007), it may be the case that only certain brain networks (e.g. the DMN and,
critically, the DAN) exhibit age-related dysregulation. Although in our study, recruitment of
the DMN did not differ with age (data not shown). Considering our results related to the
anterior and posterior FPNSs, they could also be interpreted as demonstrating a lack of
network disengagement in response to reading, or a lack of network specification with
advanced age, given that the beta weights of each network are negative. Ithas been suggested
that loss of specificity with brain regions and networks reflects reduced neural efficiency,
rather than compensation (Morcom & Henson, 2018).

Furthermore, the increases in attention-related network recruitment with age should be
interpreted with some caution, given that only the relationship between the anterior FPN and
age survived multiple comparison corrections. However, since the involvement of the
language networks did not change with age, we believe that these small-to-moderate effect
sizes do not detract from the overall findings of increased age-related attentional network
involvement and that additional studies with a larger cohort (e.g. around 120 participants
determined by a post-hoc power analysis) would further support our findings.

Since this study was cross-sectional, we are unable to determine if age-related gray matter
atrophy in language processing networks has a causal relationship with increasing
recruitment of attention-related networks, or if there is an underlying mechanism(s)
contributing to both observations. Similarly, the cross-sectional design of this study did not
allow us to compare lifestyle differences as potential contributing factors to age-related
neural changes, as proposed in the revised STAC model (STAC-r; Reuter-Lorenz & Park,
2014).

For this study, we chose not to require responses during our reading paradigm since
response-based comprehension designs have been shown to elicit additional, attention-
related networks that are not observed in passive paradigms (Davis et al., 2014; Hasson et
al., 2006; Zhang et al., 2014), and thus we do not have a quantitative measure of
performance during the scan. We confirmed with each participant that they understood the
main theme of the stories to ensure that they were actively reading during the task.
Engagement during the task was further confirmed through identifying activation in typical
language processing networks in each participant’s data. Future studies utilizing a large age
range like our studies with a task that captures performance would be helpful to confirm our
findings. Collectively, our finding of consistent activity in the “classic” frontotemporal
network across the group supports that participants engaged in the task.
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CONCLUSION

In summary, our study reveals that age-related increases in the recruitment of brain networks
associated with focused attention occur even for simple narrative texts. Gray matter atrophy
within language processing regions (anterior and middle superior and middle temporal gyri)
is related to increasing recruitment of the DAN, and decreasing recruitment of the FPN, with
age. These findings contribute to a comprehensive understanding of age-related changes in
brain networks and their differential engagement during language processing. This identifies
potential intervention targets for older adults that reduce cognitive demands during
communication or improve attention-driven brain network function to maintain quality of
life and independence.
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Fig. 1.
Correlation of gray matter thickness with age, controlling for gender. Cool colors indicate

regions of gray matter thickness decreases with increasing age. Results are shown FDR
corrected at p< .05.
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region is correlated with decreased recruitment of the posterior aspect of the FPN.
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