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Abstract

Older adults typically report increased difficulty with language production, while its neural 

bases are less clear. The current study investigated the neural bases of age-related differences 

in language production at the word level and the modulating effect of task difficulty, focusing 

on task-based functional connectivity. Using an English phonological Go/No-Go picture naming 

task, task difficulty was manipulated by varying the proportion of naming trials (Go trials) and 

inhibition trials (No-Go trials) across runs. Behaviorally, compared to younger adults, older 

adults performed worse, and showed larger effects of task difficulty. Neurally, older adults had 

lower within language network connectivity compared to younger adults. Moreover, older adults’ 

language network became less segregated as task difficulty increased. These results are consistent 

with the Compensation-Related Utilization of Neural Circuits Hypothesis, suggesting that the 

brain becomes less specified and efficient with increased task difficulty, and that these effects are 

stronger among older adults (i.e., more dedifferentiated).
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1. Introduction

Older adults often have increased difficulty with spoken language production (Burke & 

Shafto, 2008; Shafto et al., 2007; Zhang et al., 2019). For instance, they show increased 

word retrieval failures such as more frequent tip-of-the-tongue phenomena (e.g., Burke et 

al., 1991; Shafto et al., 2007), have more slips of the tongue and misspellings (MacKay 
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& James, 2004; Taylor & Burke, 2000), and have more filled and unfilled pauses and 

omissions (Horton et al., 2010; Bortfeld et al., 2001; MacKay & James, 2004). Although 

these age-related differences in behavior have been studied widely, the neural bases of these 

age-related differences in language production are less clear. One factor that can contribute 

to age-related differences in cognition is task difficulty (Reuter-Lorenz & Cappell, 2008; 

Zhang et al., 2019), however this has been less frequently investigated in the realm of 

language. The current study used functional connectivity to investigate the effect of task 

difficulty on age-related behavioral and neural differences in spoken language production at 

the word level.

The neural bases of language has been well characterized through neuroimaging studies of 

younger adults and studies of clinical populations with language impairments (for a review, 

see Price, 2010). Language production, in particular, is characterized by a left-lateralized 

frontal-temporal brain network (Hickok & Poeppel, 2007; Indefrey & Levelt, 2004; Price, 

2010). However, older adults often show broader patterns of activation, particularly in 

prefrontal regions, with decreased lateralization (Destrieux et al., 2012; Diaz et al., 2014; 

Diaz et al., 2019; Diaz et al., 2016; Nagels et al., 2012; Rizio et al., 2017; Wierenga et al., 

2008; Zhang et al., 2019). For instance, older adults often show increased involvement of 

domain-general frontal-parietal regions that belong to the multiple-demand network (Grady 

et al., 2010; Hoffman & Morcom, 2018). Although these age-related neural differences 

have been consistently reported, it remains unclear whether such increases are compensatory 

(Cabeza, 2002; Davis et al., 2008; Reuter-Lorenz & Cappell, 2008) or whether they reflect 

neural decline, such as dedifferentiation (Ghisletta & Lindenberger, 2003; Li et al., 2001).

Compensatory accounts generally argue that age-related increases in activation, via the 

recruitment of additional regions, serve to compensate for neural declines elsewhere. For 

example, some evidence suggests that increased activation in right inferior frontal gyrus, 

which has been associated with executive function, helps older adults maintain performance 

during language processing (e.g., Baciu et al., 2016; Davis et al., 2014; Persson et al., 2004; 

Wierenga et al., 2008). Dedifferentiation accounts, on the other hand, argue that the aging 

brain becomes less efficient and organized, and age-related increases in activation reflect 

lower levels of inhibition and contribute to a noisier signal overall. Research in support 

of this perspective found no relationship between increased right hemisphere activation 

and performance (Diaz et al., 2014; Meinzer et al., 2009; Meinzer, Seeds, et al., 2012). 

However, a third factor may modulate these brain-behavior relationships: task difficulty. The 

CRUNCH model (Compensation-Related Utilization of Neural Circuits Hypothesis, Reuter-

Lorenz & Cappell, 2008) proposes that as task demands initially increase, the recruitment 

of additional brain regions in older adults can help individuals maintain behavioral 

performance, and serve a compensatory function. However, as task demands begin to exceed 

cognitive resources, brain activation and behavioral performance may no longer correlate, 

indicating dedifferentiation. Despite evidence from other cognitive domains, only a handful 

of studies have tested the effect of task demands on neural activity in the domain of 

language processing (Haitas et al., 2021; Meinzer, Flaisch, et al., 2012; Persson et al., 2007; 

Zhang et al., 2019). These studies have reported age-related differences in neural activation 

related to task difficulty. For instance, the default mode network (DMN) activity reflects a 

number of off-task behaviors such as mind wandering, interoception, and internal dialogue, 
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and often shows deactivation during task states (Raichle, 2015). Looking at DMN activity, 

Persson et al. (2007) found that older adults had weaker deactivation as a function of task 

demands compared to younger adults. This suggests that their deactivation response to 

task difficulty was less responsive than younger adults. Similarly, in one of our previous 

studies (Zhang et al., 2019), we found that older adults had disproportionately slower 

behavioral responses and were less neurally responsive to task difficulty manipulations 

during word production, supporting the CRUNCH model, which posits dedifferentiation or 

brain-behavior uncoupling at higher levels of task difficulty.

In addition to task-based functional activation, age-related differences in neural processing 

have also been found in the patterns of correlated brain activity (i.e., functional 

connectivity). When brain regions are concomitantly active, they are said to form functional 

networks. Most studies have focused on functional connectivity during rest (i.e., when 

there is no explicit task, Betzel et al., 2014; Cao et al., 2014; Chan et al., 2014; Geerligs 

et al., 2015; Onoda et al., 2012; Siman-Tov et al., 2017; Song et al., 2014; Tomasi & 

Volkow, 2012; Zhang, Bai, et al., 2021), and some studies have investigated connectivity 

during tasks (Andrews-Hanna et al., 2007; Geerligs et al., 2014; Steffener et al., 2012; 

Varangis, Razlighi, et al., 2019; Zhang, Gertel, et al., 2021). In general, these studies 

found that older adults have lower connectivity among brain regions within networks, and 

less segregated networks. Moreover, these age-related differences in network characteristics 

have been associated with worse behavioral performance across several different cognitive 

domains (King et al., 2018; Onoda et al., 2012; Sala-Llonch et al., 2015; Varangis, Habeck, 

et al., 2019; Wang et al., 2010), including language (Ferré et al., 2019; Gertel, Zhang, et 

al., 2020; Martin, Saur, et al., 2022; Martin, Williams, et al., 2022; Pistono et al., 2020; 

Zhang, Bai, et al., 2021). Although these studies looking at whole brain connectivity by and 

large support the dedifferentiation account, other functional connectivity studies that have 

examined more focal relationships sometimes find stronger regional functional connectivity 

among older adults that is associated with enhanced cognition, supporting a compensatory 

account (Gertel, Zhang, et al., 2020; Wang et al., 2010). Thus, there may be a distinction 

in the effects of age on functional connectivity when comparing whole brain patterns of 

connectivity and more regionally specific patterns. Moreover, most functional connectivity 

studies on aging have incorporated ‘resting state’ data. On the one hand, this is ideal for 

studies of aging because older adults can be more sensitive to task demands and ‘resting 

state’ data does not involve any task. However, there may be age-related differences in 

patterns of functional connectivity while relaxing (i.e., ‘rest’) and while performing a task 

(e.g., Zhang, Gertel, et al., 2021). Prior research suggests that age-related differences may 

be magnified by increases in task difficulty (i.e., CRUNCH). Yet, few studies have examined 

this dimension.

To reconcile compensation and dedifferentiation accounts of aging in the context of task 

difficulty, the current study investigated how task difficulty affects age-related differences 

in functional connectivity during word production. One study examined task difficulty 

through an implicit manipulation of lexical frequency (i.e., comparing picture naming of 

low frequency and high frequency items; Ferre et al., 2020). They found little evidence 

of age-related differences in the effects of task difficulty on functional connectivity (Ferré 

et al., 2020). Although behaviorally, older adults are generally sensitive to intrinsic lexical 
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characteristics such as word frequency (Gertel, Karimi, et al., 2020; Gollan et al., 2008; 

LaGrone & Spieler, 2006; Newman & German, 2005), implicit manipulations of task 

difficulty, such as by manipulating item frequency, might be too subtle to elicit age 

differences in functional connectivity. More commonly, research that has focused on age-

related task difficulty effects on functional activation incorporated explicit manipulations 

of task difficulty (Marsolais et al., 2014; Meinzer, Flaisch, et al., 2012; Persson et al., 

2007; Reuter-Lorenz & Cappell, 2008). For instance, Persson et al. (2007) investigated 

age-related differences in cognitive control by comparing two levels of selection demands 

in a verb generation task compared to a reading baseline task. Indeed, cognitive control has 

been shown to contribute to language production (Novick et al., 2010; Nozari & Novick, 

2017), and the extent to which it affects language production may be modulated by age 

(Britt et al., 2016; Higby et al., 2019). Therefore, the current functional connectivity study 

also employed an explicit manipulation of task difficulty. Specifically, we investigated this 

issue using a well-established paradigm that manipulated difficulty by varying cognitive 

control demands (i.e., Go/No-Go picture naming task). Given that previous fMRI studies 

have found that older adults showed reduced involvement of language-related regions, 

but increased engagement of domain-general regions, we focused on two, independently 

defined, networks: the language network and the multiple-demand network (MD network, 

Fedorenko et al., 2013; Fedorenko et al., 2010). We selected the networks that were 

defined by Fedorenko and colleagues because the regions were identified functionally, were 

replicable within subjects, had a clear correspondence across subjects, and manifested key 

signatures of different processes1. In this paper, we focused on age-related differences 

in functional connectivity, as behavioral and task-based fMRI results were previously 

published (Zhang et al., 2019).

Our previous published results showed that older adults performed worse and showed larger 

increases in reaction times to increasing task difficulty on a phonological Go/No-Go picture 

naming task compared to younger adults. In terms of functional connectivity, based on the 

CRUNCH model, we predicted that there would be a main effect of age in which older 

adults have less efficient networks compared to younger adults2. Less efficient networks 

would be reflected by weaker within network connectivity, or stronger connectivity between 

the two networks (i.e., less segregated networks), in combination with worse behavioral 

performance. Moreover, we hypothesized that functional connectivity efficiency would 

decrease as task difficulty increased, and that these effects would be larger for older adults. 

This reduced efficiency would be evidenced by lower within network connectivity, or less 

network segregation in both networks, along with worse behavioral performance as task 

difficulty increased. If, however, the higher involvement of the MD network (as reflected as 

higher between network connectivity, or less network segregation) is found to be associated 

1Fedorenko and colleagues identified language-related brain regions by having participants read sentences and nonword sequences, 
using the sentences>nonwords contrast (Fedorenko et al., 2010). The MD network was identified using a spatial working memory task 
in which participants saw a 3×4 grid in which squares appeared in various locations sequentially. The harder>easier contrast was used 
to localize the multiple demand network brain regions (Fedorenko et al., 2013).
2In network science, efficiency refers to the manner in which information is distributed within a network. It is related to connectivity 
among nodes and reflected in mathematical calculations such as path length, clustering coefficient, and small-worldness (e.g., Watts 
& Strogatz, 1998; Sporns, 2011). Calculating these metrics requires many more nodes of data, so in the present analyses we capture 
efficiency by comparing within network and between network connectivities.
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with comparable or even better performance in older adults, this would be evidence of 

compensation3.

2. Method

2.1 Participants

Twenty younger adults (ages: 18–34, mean age = 22.65 years, 10 female) and 20 older 

adults (ages: 61–79, mean age = 67.45 years, 14 female) participated in the experiment. 

All participants were community-dwelling, right-handed, native American-English speakers 

who were not fluent in a second language. All participants had normal or corrected-to-

normal vision, and reported no history of neurological, psychological, or major medical 

conditions (Christensen et al., 1992).

Participants were also screened for depression (Guerin et al., 2018; Sheikh & Yesavage, 

1986), mild cognitive impairment, and dementia (MMSE, Folstein et al., 1975). Prior to the 

MRI session, each participant completed a battery of psychometric and neuropsychological 

tests to assess basic cognitive functions such as speed, executive function, memory, and 

language, details of which were previously reported in Zhang et al. (2019). To briefly 

summarize, participant groups did not differ in years of education, vocabulary, verbal 

fluency, or memory. Older adults were slower than younger adults in processing speed 

and executive function measures. All participants gave written, informed consent, and all 

procedures were approved by the Institutional Review Board at The Pennsylvania State 

University where the experiment was conducted.

2.2 Stimuli and procedure

Participants performed a phonological Go/No-Go picture naming task in the scanner, as 

previously reported in Zhang et al. (2019). Photographs (n=330, 110 per condition) were 

presented one at a time and participants were instructed to overtly name the photograph 

as quickly and accurately as possible. Task demands were manipulated via the proportion 

of trials that needed to be named or inhibited, constituting three conditions: All Go, Go 

Bias, No-Go Bias (Figure 1, reproduced with permission from Zhang et al., 2018). In the 

All Go condition, participants were instructed to name all of the photographs. In the Go 

Bias condition (75% Go trials, 25% No-Go trials), participants were required to name the 

photograph if the name of the photograph started with a consonant (i.e., Go trials, e.g., 

nose) and to withhold their response if the name started with a vowel (i.e., No-Go trials, 

e.g., apple). In contrast, in the No-Go Bias condition (25% Go trials, 75% No-Go trials), 

participants were instructed to name the photograph if the name started with a vowel (i.e., 

Go trials, e.g., orange) and to withhold their response if the name started with a consonant 

(i.e., No-Go trials, e.g., chair).

Prior to scanning, participants practiced overt picture naming while minimizing head 

movement in a mock scanner. In the scanner, participants always performed the All Go 

3Note that the current study only focuses on the left language network and the MD network, which are most relevant to older adults’ 
language production. Therefore, the between network measures are only indications of the relationships between these two specific 
networks not a general assessment of whole-brain between-network connectivity.
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condition first, prior to being informed about the Go/No-Go manipulation to avoid naming 

biases in this first run. After the All Go condition, participants underwent a practice 

run and then completed the Go Bias and the No-Go Bias conditions, whose order was 

counterbalanced across participants. Photographs were not repeated across practice runs or 

conditions to minimize possible priming effects.

Photographs were taken from two normed databases (Brodeur et al., 2014; Moreno-Martínez 

& Montoro, 2012). The final set of stimuli for the MRI experiment included 330 colored 

photographs, 110 unique items per condition. For the Go Bias and No-Go Bias conditions, 

these trials were further divided into 82 trials (75%) of the biased trial type (e.g., Go trials 

in the Go Bias runs) and 28 trials (25%) of the non-biased trial type (e.g., No-Go trials in 

the Go Bias runs). Linguistic characteristics (word length, frequency, number of phonemes, 

number of syllables) obtained from the English Lexicon Project (ELP, Balota et al., 2007), 

as well as the semantic categories for all of the stimuli, were matched across the three 

conditions.

In each trial, one color photograph (396 pixels × 396 pixels) was presented on a white 

background and participants were instructed to respond with the target name or withhold 

their response based on the condition requirements. Participants were also asked to limit 

their answers to only one word. Photographs (duration = 2 s) were presented with a variable 

inter-stimulus interval (range = 1–12 s, mean = 3.40 s) that was determined using the 

optseq2 program, as jittered presentations have been shown to optimize the hemodynamic 

response (Dale, 1999) and prevent participants from anticipating the onset of events. 

Participants completed 6 runs (2 runs per condition) in the scanner. During the task, overt 

verbal responses were recorded and filtered using an MR-compatible fiber optic microphone 

system (Optoacoustics Ltd., Or-Yehuda, Israel). To verify participants’ identification and 

naming of the photographs, after the scan they were asked to name all of the photographs 

from the Go Bias and the No-Go Bias conditions.

2.3 Acquisition of MRI data

MRI scanning was completed on a 3T Siemens Prisma Fit MRI scanner with a 20-channel 

head coil. Sagittal T1-weighted localizer images were collected and used to define a 

volume for subsequent data collection, higher-order shimming, and alignment to the 

anterior commissure and posterior commissure (AC-PC). T1-weighted anatomical images 

were collected using a magnetization-prepared rapid acquisition gradient echo (MP-RAGE) 

sequence (repetition time [TR] = 2300 ms; echo time [TE] = 2.28 ms; Inversion Time [TI] = 

900 ms; flip angle = 8°; echo spacing = 7 ms; acceleration factor = 2; field of view [FOV] = 

256 mm2; voxel size = 1 × 1 × 1 mm; 160 contiguous slices).

Functional images were collected using an echo-planar imaging (EPI) sequence (TR = 2500 

ms; TE = 25 ms; flip angle = 90°; echo spacing = 0.49 ms; FOV = 240 mm2; voxel size = 3 

× 3 × 3 mm; 41 contiguous axial slices, parallel to the AC–PC, interleaved acquisition, 122 

volumes (305 s) per run, 6 runs). Two additional volumes were acquired and deleted at the 

beginning of each functional run to reach steady state equilibrium.
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2.4 Data Analyses

In this study, responses were coded based on both the recordings from the scanner session 

and the post-scan naming task. Details regarding how word production responses were 

coded have been reported in Zhang et al. (2019). In brief, correct trials included both 

correctly responded Go trials and correctly inhibited No-Go trials. Response errors included 

the following: 1) incorrect responses (e.g., Go trials: a response that did not match the 

picture, or had an incorrect onset category; No-Go trials: no response combined with not 

knowing the picture in the post-scan naming task or a response that had an incorrect onset 

category); 2) commission errors (failures to inhibit a response during a No-Go trial; and 

3) omission errors (no response to a Go trial). Reaction times (RTs) to Go trials were 

calculated using customized PRAAT scripts. Only trials with correct responses and reaction 

times within 2.5 SDs were included in further analyses. Reaction time and error rates were 

analyzed using mixed-effect regression modeling, including Task Condition (3 levels: All 

Go, Go Bias, and No-Go Bias, and Age Group (2 levels: Younger vs Older), and their 

interaction as independent variables. R was used for all statistical analyses (R version 

4.1.3, RStudio Team, 2022). The following R packages were used in the analyses, readxl 
(Wickham & Bryan, 2019), tidyverse (Wickham et al., 2019), lme4 (Bates et al., 2014), 

lmerTest (Kuznetsova et al., 2017), rstatix (Kassambara, 2019), gridExtra (Auguie et al., 

2017), ggplot2 (Wickham, 2016), and ggpubr (Kassambara, 2020).

For fMRI data, the fBIRN QA tool was used to assess data quality (Glover et al., 

2012, https://www.nitrc.org/projects/bxh_xcede_tools/), measuring the number of potentially 

clipped voxels, mean signal fluctuation to noise ratio (SFNR), and per-slice variation. 

Additionally, the anatomical and functional images were visually inspected for artifacts 

and signal drop-out. Preprocessing and first-level analyses were conducted using the 

CONN functional connectivity toolbox version 18.a (Whitfield-Gabrieli & Nieto-Castanon, 

2012). First, functional realignment and unwarping were done to estimate and correct for 

participant motion, followed by the slice-timing correction, which corrected for maturation 

of the BOLD signal over time (Huettel et al., 2004). Functional outliers were detected 

with an ART (Artifact Detection Tools) based identification method in which outliers 

were defined using a conservative threshold (i.e., data points more extreme than the 

97th percentile based on a normative sample). During registration, functional images 

were aligned to anatomical images and both were normalized to Montreal Neurological 

Institute (MNI) space. Segmentation was done on all anatomical images then applied to 

functional images to segment images into white matter (WM), gray matter (GM), and 

cerebrospinal fluid (CSF). A smoothing kernel (6 mm) was used to increase the signal to 

noise ratio, as well as to reduce spurious activations of single voxels. During denoising, 

the representative noise signal from WM (5 components) and CSF (5 components) was 

extracted, and any signal correlated with these components was removed from the BOLD 

signal4. Additionally, the task effects were also regressed out to remove any changes in 

average activation that covaried with the task conditions since we were primarily interested 

in functional connectivity. To eliminate frequencies of less interest, a high-pass filter of 

4The CONN toolbox uses the CompCor approach, which extracts multiple signals from CSF and white-matter areas to capture motion 
and physiological artifacts while excluding neural signals which avoids introducing artifactual negative correlations in the connectivity 
measures (Chai et al., 2012; Liu et al., 2017; Liu et al., 2021).
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0.009 Hz was used. The following quality assurance parameters were also included as 

second level covariates during data preprocessing: number of outlier and non-outlier scans 

(outlier threshold = 0.5 mm), max and mean motion, and max and mean global BOLD 

signal changes (outlier threshold = global-signal z-value of 3). The total average numbers of 

invalid scans were 16.5 (SD = 35.87, 2.3% of total scans, 715.5 average remaining scans) 

for Younger Adults and 13.3 (SD = 22.22, 1.8% of total scans, 718.7 average remaining 

scans) for Older Adults, p = 0.74, and removed from analysis. The mean amount of motion 

was 0.18 mm (SD = 0.07 mm) for Younger Adults and 0.22 mm (SD = 0.06 mm) for 

Older Adults, p = .13. The analyses removing variance associated with all of the variables 

described above occurred in a single linear regression step, and the residualized BOLD 

signal was used for further statistical analyses. Because older and younger adults often differ 

in variability, we compared the whole brain standard deviation images derived from the 

preprocessed data to look for potential group differences using FSL’s randomize function. 

The groups did not significantly differ in terms of the amount of variation in any of the 3 

conditions (All Go, Go Bias, and No-Go Bias, ts < 0.998, ns). Quality Control – Functional 

Connectivity (QC-FC) plots indicated that the similarity to the associated null-hypothesis 

(NH) distribution was significantly improved after denoising (before denoising = 72.6%; 

after denoising, 91.9%, with 95.2% for younger and 87.5% for older adults; Aquino et al., 

2020; Ciric et al., 2017).

To investigate the network connectivity in the language network and the Multiple-Demand 

(MD) network, we first located 8 sphere language ROIs and 20 sphere MD ROIs (4mm 

radius) based on results previously reported by others (Fedorenko et al., 2013; Fedorenko 

et al., 2010). The coordinate information can be found in Table 1. Then we calculated 

the weighted within network connectivity in the language network, and the MD network. 

Fisher-transformed Z values were used as connectivity values. For any two ROIs that 

had a positive correlation, their connection was included in the analysis5. Within network 

connectivity was calculated as the mean node-to-node correlation of all ROIs in that network 

(i.e., diagonal blocks). For network connectivity between the two networks, we calculated 

the mean correlation value between each node in one network and all the nodes in the 

other network (i.e., off diagonal blocks). Finally, for each network, the network segregation 

was calculated as the difference between within connectivity for that network and between 

language-MD network connectivity divided by the within network connectivity of that 

network (i.e., [within-between]/within), as used in previous studies (Chan et al., 2014). All 

of the network measures were calculated at the individual level first before calculating group 

level results (i.e., each subject had one value for within language network connectivity, one 

value for between language-MD network connectivity, one value for within MD network 

connectivity, extending to one value for language network segregation, and one value for 

MD network segregation).

5Negative correlations were not included in further analysis due to uncertainty regarding the meaning of negative correlations. 
Negative correlations may be related to statistical artifacts, global signal regression, or N-methyl-D-aspartate [NMDA] action in 
cortical inhibition. Moreover, others have adopted a similar strategy, for example, Chan et al., 2014 set all negative nodes to 0. To be 
comparable with their findings, we adopted the same analysis strategy. For a full discussion about the meaning of negative correlations 
see Hallquist and Hillary, 2018.
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All of our analyses on connectivity incorporated ANOVAs. Specifically, to investigate 

the effect of task difficulty on age-related differences in functional connectivity in both 

networks, we first conducted a three-way mixed ANOVA, with Connectivity Type (3 levels: 

Within Language, Within MD, Between Language-MD) and Task Condition (3 levels: All 

Go, Go Bias, and No-Go Bias) as within-subject variables, and Age Group (2 levels: 

Younger vs Older) as a between-subject variable. In addition, to look at more integrated 

network measurements, we also conducted two-way mixed ANOVAs on language network 

segregation and MD network segregation, with the Task Condition as the within-subject 

variable, and the Age Group as the between-subject variable. All multiple comparisons were 

Bonferroni corrected. All data and analysis scripts are available on https://osf.io/628qc/?

view_only=44b3fe0ec8314644a69aa75a7421ff89.

3. Results

3.1 Behavioral Results

Statistical analyses and results on behavioral data including reaction time and accuracy were 

previously reported in Zhang et al. (2019). To summarize, a generalized linear mixed-effect 

model was conducted on Go trial RTs. Results showed a main effect of Task Condition (i.e., 

each of the two conditions had significantly different RTs; All Go vs Go Bias, β = 0.07, SE 

= 0.03, p = .01; All Go vs No-Go Bias, β = 0.30, SE = 0.04, p < .001; Go Bias vs No-Go 

Bias, β =0.22, SE = 0.04, p < .001), and a main effect of Age Group (i.e., older adults 

responded more slowly than younger adults in all three conditions; All Go: β = 0.07, SE 

= 0.03, p = .05; Go Bias: β = 0.12, SE = 0.05, p = .02; No-Go Bias: β = 0.23, SE=0.06, 

p = .002). More importantly, the interaction between Task Condition and Age Group was 

significant, β = 0.11, SE = 0.04, p = .008). To specify the interaction, a regression line was 

first fitted on reaction times as a function of task conditions for each participant (All Go 

< Go Bias < No-Go Bias), then an independent sample t-test was conducted on the subject-

level regression coefficients between the two groups. Results indicated that the regression 

coefficients in older adults were significantly greater than younger adults (t (32.89) = 2.19, p 
= .04), indicating that older adults had larger increases in reaction times as naming demand 

increased (All Go < Go Bias < No-Go Bias). Additionally, a mixed logistic regression was 

conducted on the total number of errors. Only the main effect of Age Group was significant 

where older adults made more errors than younger adults in all three task conditions (All 

Go: β = 0.45, SE = 0.21, p = .03; Go Bias: β = 1.14, SE = 0.21, p < .001; No-Go Bias: β = 

0.99, SE = 0.20, p < .001).

3.2 Functional Connectivity

First, a three-way mixed ANOVA was conducted on functional connectivity while including 

Connectivity Type (3 levels: Within Language, Within MD, Between Language-MD) and 

Task Condition (3 levels: All Go, Go Bias, and No-Go Bias) as within-subject variables, and 

Age Group (2 levels: Younger vs Older) as a between-subject variable (Figure 3). The main 

effect of Connectivity Type was significant (F (2, 76) = 49.48, p < .001). Further analysis 

showed that the within-network connectivity was significantly higher for the MD network 

compared to the language network (adjusted p < .001), which was significantly higher than 

the between language-MD network connectivity (adjusted p < .001). The main effect of Task 
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Condition was marginally significant (F (2, 76) = 2.99, p = .06). Further analysis showed 

that network connectivity was significantly higher during the No-Go Bias condition than 

the Go Bias condition (adjusted p = .01). The main effect of Age Group was marginally 

significant (F (1, 38) = 3.35, p = .08), such that younger adults showed slightly higher 

connectivity compared to older adults. Additionally, the interaction between Connectivity 

Type and Age Group was significant (F (2, 76) = 6.67, p = .002). Further analyses showed 

that the effect of Age Group was only significant within the language network (F (1, 118) 

= 22.2, p < .001), but not significant within the MD network (F (1, 118) = 1.06, p = 

.31), or for the between language-MD network connectivity (F (1, 118) = .17, p = .68), 

suggesting that the age effect on connectivity was the strongest in the language network. 

Furthermore, the interaction between Connectivity Type and Task Condition was significant 

(F (4, 152) = 3.88, p = .005). Although explicit pairwise comparisons between conditions 

were not significant (ps > .1), a visual inspection of the results illustrated that the direction 

of the condition effect was different for the within MD network connectivity compared 

to the within language network connectivity, and between-network connectivity (Figure 

3B). Within MD network connectivity was characterized by increases in connectivity as 

a function of task difficulty (i.e., No-Go Bias > Go Bias > All Go), whereas the Go 

Bias had the lowest connectivity strength in the other networks. Interactions between the 

other variables were not significant (ps > .1). Exploratory correlational analyses showed 

that there was no significant correlation between RT and connectivity (within language 

network connectivity, p = .63; within MD network connectivity, p = .11; between-network 

connectivity, p = .63).

To explicitly look at network segregation, we combined within and between network 

connectivities to derive a composite measure of network segregation. Then we conducted 

two-way ANOVAs (Age × Condition) on language network segregation (Figure 4A), and 

MD network segregation (Figure 4B).

In the language network (Figure 4A), the main effect of Age Group on language network 

segregation was significant (F (1, 38) = 11.16, p = .002). Specifically, younger adults 

showed higher language segregation than older adults, indicating that younger adults 

had more segregated language networks. Additionally, although the main effect of Task 

Condition was not significant (F (2, 76) = .68, p = .51), the interaction between Age Group 

and Task Condition was significant (F (2, 76) = 3.02, p = .05). Further analysis showed 

that, in older adults, there was a gradual decrease in language network segregation as task 

difficulty increased (All Go to No-Go Bias, F (2, 38) = 2.91, p = .07), while the effect of 

Task Condition in younger adults was not significant (F (2, 38) = .48, p = .63). Moreover, 

language network segregation between the two age groups was not significantly different 

during the All Go condition (p = .14), however younger adults had significantly higher 

language network segregation than older adults in both the Go Bias (p = .009) and the 

No-Go Bias (p < .001) conditions. An exploratory correlational analysis showed that there 

was no significant correlation between RT and language network segregation (p = .93).

For the MD network segregation (Figure 4B), only the main effect of Task Condition was 

significant (F (2, 76) = 8.79, p < .001). Further analyses showed that the MD network 

segregation in the Go Bias condition and the No-Go Bias condition were stronger than that 
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in the All Go condition (Go Bias > All Go, adjusted p < .001; No-Go Bias > All Go, 

adjusted p = .09). The main effect of Age Group and its interaction with Task Condition 

were not significant (ps > .1). An exploratory correlational analysis showed that there was 

no significant correlation between RT and MD network segregation (p = .15).

4. Discussion

This study examined the effect of task difficulty on age-related differences in functional 

connectivity during word production using a Go/No-Go picture naming paradigm. 

Behaviorally (published in Zhang et al., 2019), in addition to the main effect of age (i.e., 

older adults showed longer RT and more errors than younger adults), older adults also 

showed greater increases in reaction times when task difficulty increased compared to 

younger adults, suggesting that older adults were affected more by the manipulation of 

task difficulty. In terms of functional connectivity, we hypothesized that older adults would 

show less efficient networks. Consistent with this prediction, we found that older adults 

had lower within language network connectivity, and less language network segregation, 

along with worse performance compared to younger adults. Moreover, we hypothesized that 

older adults’ neural networks would be more affected by the manipulation of task difficulty 

than younger adults. As predicted, older adults showed a decrease in language network 

segregation as task difficulty increased, consistent with the idea that task difficulty plays 

a key role in network efficiency among older adults. In contrast, younger adults showed 

similar network segregation across task difficulties. These results are consistent with the 

CRUNCH model (Reuter-Lorenz & Cappell, 2008), in that older adults were more sensitive 

to the manipulation of task difficulty both behaviorally and neurally and the language 

network’s efficiency decreased as task difficulty increased.

Expanding on these results, our finding that older adults showed reduced connectivity within 

the language network compared to younger adults is consistent with prior literature which 

has found lower within network connectivity for older adults in both resting-state (Betzel 

et al., 2014; Cao et al., 2014; Chan et al., 2018; Chan et al., 2014; Geerligs et al., 2015; 

Onoda et al., 2012; Siman-Tov et al., 2017; Song et al., 2014; Tomasi & Volkow, 2012) and 

task-related scans (Zhang, Gertel, et al., 2021). Also consistent with previous studies that 

look at resting-state network segregation (e.g., Chan et al., 2014), older adults in the current 

study showed less language network segregation than younger adults during the task state. 

Network segregation reflects functional specialization of a network because it measures the 

balance between within network connectivity and how that network interacts with other 

networks (Chan et al., 2014), in this case, interactions between the language and MD 

networks. Although age-related reductions in language network segregation, in and of itself, 

could be an adaptive brain response to ongoing anatomical and biochemical alterations, this 

does not seem to be the case here because the age-related reductions in language network 

segregation were accompanied by declines in behavioral performance (longer reaction time 

and more errors). Although the age effects on connectivity and behavior converged, a direct 

correlational link between brain and behavior was not observed. Therefore, we can only 

conservatively interpret the age-related differences in within language network connectivity 

and in language network segregation as indicating decreased functional specificity of the 
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network. In other words, these reduced connectivities suggest that the language production 

network becomes less organized and efficient with increased age.

In addition to the main effect of age that we observed, the unique aspect of this study 

was to look at the dynamic effect of task difficulty on age-related differences in functional 

connectivity during word production. We found that only older adults showed a gradual 

decrease of language network segregation as task difficulty increased. It is even more 

striking that the language segregation value in the two Bias conditions in older adults 

became negative (Figure 4A), suggesting that the within language network connectivity 

became weaker than the connectivity between the language and MD networks in older 

adults when task difficulty increased. In contrast to older adults, younger adults did not 

show network segregation differences as a function of task difficulty since their network 

segregation values remained relatively constant across difficulty levels. Additionally, 

although the age difference in language network segregation was not significant in the All 

Go condition, it became significant in the Go Bias and the No-Go Bias conditions. This 

suggests two things: first, when task demands were minimal (i.e., when older adults were 

only required to name pictures with no inhibition demands), older adults’ language network 

segregation from the MD network was on par with younger adults. In other words, when 

the task demands were minimal, the age differences were minimal. Second, age-related 

differences were greater when the task was more difficult. Therefore, the age differences in 

language network segregation that we observed largely speak to the effect of task difficulty 

as opposed to general effects of age on language.

Recall that behaviorally, we found that older adults showed a greater decline in word 

production performance compared to younger adults as task difficulty increased. Together, 

these results suggest that as task difficulty increases, behavioral performance declines and 

neural efficiency is reduced. In contrast, although younger adults also showed behavioral 

effects of task difficulty, their language network segregation was well maintained with 

increased difficulty, suggesting a greater neural capacity to meet increased task difficulty. In 

other words, the extent to which younger adults needed to engage the MD network during 

word production was not affected as much by increased task difficulty. These age-related 

differences are consistent with the CRUNCH model (Reuter-Lorenz & Cappell, 2008). 

Specifically, the CRUNCH model proposes, that age differences can be minimal when 

task demands are low, however, older adults show steeper declines in performance, neural 

specificity, and efficiency, as task difficulty increases. Moreover, our observation of older 

adults’ reduced neural efficiency in the language network, along with their poorer behavioral 

performance when task demands were high, is consistent with neural dedifferentiation at the 

most difficult level. Finally, the changes in language network segregation as a function of 

task difficulty also suggest that brain networks are not static when engaged in a task. Rather, 

network interactions can change dynamically as a function of task difficulty, consistent 

with previous studies (Varangis, Razlighi, et al., 2019). Although this ability to dynamically 

adapt, may lessen with increasing age.

Interestingly, the age effects on network characteristics were only significant in the language 

network, but not the multiple-demand network. Language production often involves not only 

the language network, but also regions in the MD network – one of the key reasons that 
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we examined both of these networks. Moreover, in fMRI studies with explicit language 

tasks, older adults often engage MD network regions to a greater extent than younger adults 

(Destrieux et al., 2012; Diaz et al., 2014; Diaz et al., 2019; Diaz et al., 2016; Nagels 

et al., 2012; Rizio et al., 2017; Wierenga et al., 2008; Zhang et al., 2019). Hence, age 

differences in the MD network were expected to be at least as salient as in the language 

network. Therefore, the lack of age effects on the MD network was unanticipated. However, 

it is worth noting that although the age effects were not significant in the MD network, 

there was a significant effect of task demands. Specifically, for all adults, MD network 

segregation, as calculated based on the within MD network connectivity and its between 

network connectivity with the language network, increased as task demands increased (i.e., 

from All Go to Go Bias), then started to decrease (i.e., from Go Bias to No-Go Bias, see 

Figure 4B). These results suggest that the MD network was sensitive to the manipulation 

of task difficulty during word production, although this effect was comparable across age 

groups. Future studies should look at a task that specifically recruits the MD network (e.g., 

fluid intelligence task) to see if the age-related patterns we observed within the language 

network would replicate in the MD network using a task more directly aligned with MD 

network functions. Additionally, while these results are promising and shed light on the 

interaction between the left-lateralized language network and the MD network, we only 

examined one network outside of the language network. Thus, our results speak most 

directly to the language network’s relationship with the MD network.

Looking at other networks, other studies have found that coordination between the language 

network, the default mode network, and the executive-control networks is important for 

older adults’ verbal fluency performance, however there was no younger adult comparison 

group, so the exact effects of aging are unclear (Muller et al., 2016). On the other hand, 

others have found that the stronger communication between different domain general 

networks (multiple demand and default mode networks) only benefited younger adults’ 

semantic memory performance (Martin, Saur, et al., 2022; Martin, Williams, et al., 2022). 

Therefore, whether the crosstalk among different networks was beneficial or not for different 

age group requires more systematic investigation.

In conclusion, we found that increased task difficulty during word production was associated 

with larger behavioral declines in performance and larger neural declines in language 

network segregation for older adults compared to younger adults. These results are 

consistent with the CRUNCH model which suggests that the brain becomes less efficient 

as task difficulty increases.
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Highlights

1. Older adults more behaviorally sensitive to task difficulty in word production.

2. Older adults had lower within language network connectivity compared to 

younger adults.

3. Older adults’ language network became less segregated as task difficulty 

increased.

4. Findings support the Compensation-Related Utilization of Neural Circuits 

Hypothesis.
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Figure 1. 
Task design (reprinted by permission from Springer Nature: Cognitive, Affective, & 
Behavioral Neuroscience, Zhang et al., 2018). An overview of the phonological Go/No-Go 

picture naming task is provided. Examples of Go trials and No-Go trials for each of the 

three conditions: All Go, Go Bias, and No-Go Bias. Correct names to the two No-Go trials 

are “ant”, and “cat”, respectively. Naming (Go trials) difficulty increased from the All Go 

condition to the Go Bias condition to the No-Go Bias condition. Inhibition (No-Go trials) 

demand increased from the No-Go Bias condition to the Go Bias condition.
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Figure 2. 
Reaction Times (RTs, A) for Go trials and Total Errors (B) during the Go/No-Go picture 

naming task (reprinted by permission from Elsevier: Neuropsychologia, Zhang et al., 2019). 

Older adults named pictures more slowly and had more errors. Additionally, older adults had 

significantly greater increases in RT as difficulty increased compared to younger adults.
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Figure 3. 
A) shows functional connectivity broken down by Age Group, Connectivity Type, and Task 

Condition. Significant main effects of Connectivity Type (Within MD > Within Language > 

Between Language-MD) and marginally significant main effects of Task Condition (No-Go 

Bias > Go Bias) and Age Group (Younger Adults > Older Adults) are shown. There was 

also a significant interaction between Connectivity Type and Age Group, indicating that the 

age effect on connectivity was only significant in the within language network connectivity. 

B) shows the significant interaction between Connectivity Type and Task Condition. The 

direction of the condition effect was different in the within MD network connectivity (No-

Go Bias > Go Bias > All Go), compared to the within language and the between network 

connectivities (Go Bias being the lowest). Box plots represent median and quartile.
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Figure 4. 
Effect of Task Condition and Age Group on network segregation. A) A significant main 

effect of Age Group and an interaction between Task Condition and Age Group on language 

network segregation is shown (Younger Adults in blue, Older Adults in red); Older adults 

showed a gradual decrease in segregation as task difficulty increased, whereas younger 

adults did not show significant task difficulty effect. Age differences in language network 

segregation were significant in the two Bias conditions, but not in the All Go condition. B) 

For MD network segregation, the main effect of Task Condition was significant (Go Bias > 

No-Go Bias > All Go). Box plots represent median and quartile.
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Table 1.

MNI coordinates for the Language and Multiple-Demand Network ROIs. ROIs were created using 4-mm 

radius sphere around these coordinates.

Language Network MD Network ROI

ROI x y z ROI x y z

Lang_LH_pMTG −56 −38 0 MD_LH_postParietal −18 −66 52

Lang_LH_Angular_G −53 −53 12 MD_LH_midParietal −44 −56 52

Lang_LH_Temporal_Pole −52 7 −18 MD_LH_antParietal −48 −38 48

Lang_LH_aMTG −55 −13 −13 MD_LH_supFrontal −30 0 58

Lang_LH_Lateral_Occipital −42 −68 24 MD_LH_Precentral_A_precG −48 6 38

Lang_LH_IFG_Pars opercularis −52 21 18 MD_LH_Precentral_B_IFGop −50 12 22

Lang_LH_Precentral_G −44 0 50 MD_LH_midFrontal −42 30 30

Lang_LH_IFG_Pars triangularis −48 28 −4 MD_LH_midFrontalOrb −34 54 12

MD_LH_insula −34 22 −2

MD_LH_medialFrontal −6 20 44

MD_RH_postParietal 18 −66 52

MD_RH_midParietal 44 −56 52

MD_RH_antParietal 48 38 48

MD_RH_supFrontal 30 0 58

MD_RH_Precentral_A_precG 48 6 38

MD_RH_Precentral_B_IFGop 50 12 22

MD_RH_midFrontal 42 30 30

MD_RH_midFrontalOrb 34 54 12

MD_RH_insula 34 22 −2

MD_RH_medialFrontal 6 20 44

Abbreviations: a/p MTG, anterior/posterior middle temporal gyrus; G, gyrus; IFG, inferior frontal gyrus; post, posterior; mid, middle; ant, anterior; 
sup, superior; precG, precentral gyrus; IFGop, opercular part of the inferior frontal gyrus; Orb, orbital.
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