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Abstract

Receptive language (e.g., reading) is largely preserved in the aging brain, and semantic processes 

in particular may continue to develop throughout the lifespan. We investigated the neural 

underpinnings of phonological and semantic retrieval in older and younger adults during receptive 

language tasks (rhyme and semantic similarity judgments). In particular, we were interested in the 

role of competition on language retrieval and varied the similarities between a cue, target, and 

distractor that were hypothesized to affect the mental process of competition. Behaviorally, all 

participants responded faster and more accurately during the rhyme task compared to the semantic 

task. Moreover, older adults demonstrated higher response accuracy than younger adults during 

the semantic task. Although there were no overall age-related differences in the neuroimaging 

results, an Age × Task interaction was found in left inferior frontal gyrus (IFG), with older adults 

producing greater activation than younger adults during the semantic condition. These results 

suggest that at lower levels of task difficulty, older and younger adults engaged similar neural 

networks that benefited behavioral performance. As task difficulty increased during the semantic 

task, older adults relied more heavily on largely left hemisphere language regions, as well as 

regions involved in perception and internal monitoring. Our results are consistent with the stability 

of language comprehension across the adult lifespan and illustrate how the preservation of 

semantic representations with aging may influence performance under conditions of increased task 

difficulty.
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Introduction

Normal aging is characterized by significant declines in gray matter volume and white 

matter integrity across the brain, with the prefrontal cortex among the most vulnerable 

regions (Barrick, Charlton, Clark, & Markus, 2010; Good, et al., 2001; Raz, 2005; Resnick, 

Pham, Kraut, Zonderman, & Davatzikos, 2003; Salat, et al., 2005; Sowell, et al., 2003). 

Some cognitive functions also show age-related decline, such as memory, perception and 

executive control (e.g., Craik & Bialystok, 2006; Park, et al., 2002), while other cognitive 

functions such as language comprehension are relatively spared (Burke & Shafto, 2008). 

The relation between age-related neural and cognitive decline, however, is complex and 

requires further investigation. With respect to language, some processes, such as basic 

syntactic parsing and language comprehension appear to be well preserved despite neural 

atrophy because of functional reorganization of the neural language system (Shafto & Tyler, 

2014; Tyler, et al., 2010; Wingfield & Grossman, 2006).

Moreover, core language processes interact with attentional control systems that may be 

affected by aging (e.g., Braver & West, 2008; Kramer & Madden, 2008), and as core 

language processes increase in complexity this may further increase demands on attentional 

control. For example, studies of comprehension of sentences of varying syntactic complexity 

found consistent left-hemisphere lateralization for older and younger adults, especially when 

task demands were minimized (Davis, Zhuang, Wright, & Tyler, 2014). However, when 

task-demands increased, age-related increases in functional activation in task-control regions 

were observed, suggesting that such age-related increases in activation that are commonly 

seen in many studies may be in response to task-demands as opposed to natural language 

comprehension (Davis, et al., 2014). We investigate here the neural basis of semantic and 

phonological processes in young and older adults during language comprehension and how 

it is affected by variation in task demands for attentional processes.

Cognitive models postulate that word recognition involves activation of multiple candidates 

that share sensory, phonological, or semantic properties with the auditory or visual input. 

Competition between candidates continues until the best-matching candidate is selected 

(Allopenna, Magnuson, & Tanenhaus, 1998; Marslen-Wilson, 1987; McClelland & Elman, 

1986; Norris, 1994). One critical brain region involved in such selection processes includes 

left inferior frontal gyrus (IFG). Some neural models propose that left IFG subserves 

language selection processes, but with distinct subregions involved in different processes, 

such as dorsal left IFG’s (BA 44) involvement in processing sentential syntax and language 

production, and ventral region’s (BA 47) involvement in semantic processing (Dapretto & 

Bookheimer, 1999; Friederici, Meyer, & von Cramon, 2000; Poldrack, et al., 1999). Other 

models have argued that left IFG has a domain-general role in selecting among competing 

candidates (Humphreys & Gennari, 2014; January, Trueswell, & Thompson-Schill, 2009; 

Moss, et al., 2005; Schnur, et al., 2009; Thompson-Schill, Bedny, & Goldberg, 2005; 
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Thompson-Schill, D'Esposito, Aguirre, & Farah, 1997). A recent study in younger adults 

further suggests that right IFG may play a role similar to left IFG in resolving competition at 

the word level (Bozic, Tyler, Ives, Randall, & Marslen-Wilson, 2010). Bozic and colleagues 

investigated embedded phonological word stems (e.g. “clay, /klei/” within “claim, /kleim/”) 

as a source of lexical competition in spoken word recognition, and found that both left IFG 

and right IFG were activated similarly to solve lexical competition from embedded stems. In 

contrast, only left inferior frontal regions were engaged in higher-level syntactic competition 

processes. While these results demonstrate bilateral IFG involvement in language tasks, non-

linguistic stimuli were not examined, so the specificity of IFG for language processes 

remains unresolved.

While left-lateralized regions, such as IFG and temporal cortex, have established roles 

supporting core language processes, the potential contribution of right hemisphere regions, 

particularly frontal cortex, is of special relevance to studies of aging. Age-related increases 

in right hemisphere activation are frequently observed (e.g., Cabeza, Anderson, Locantore, 

& McIntosh, 2002), but there is considerable debate about whether these age-related neural 

differences reflect mechanisms of compensation (Cabeza, et al., 2002; Park & Reuter-

Lorenz, 2009; Peelle, Troiani, Wingfield, & Grossman, 2010; Wierenga, et al., 2008) or a 

more diffuse and less efficient neural response that is related to natural age-related decline of 

gray and white matter (Li, Lindenberger, & Sikstrom, 2001; Park, et al., 2004). Evidence in 

support of compensation includes reports of increased functional activation in right IFG 

associated with higher accuracy during picture naming for older adults (Wierenga, et al., 

2008). Other studies have reported increased activation in right inferior frontal regions (BA 

45/47) for older adults during an auditory syntactic comprehension task where their 

performance was comparable to younger adults’ (Tyler et al., 2010). Moreover, this 

increased right IFG recruitment was related to gray matter loss in left IFG regions, 

suggesting that increases in right hemisphere activation are compensatory and may be a 

response to neuroanatomical changes in the left frontal regions. Such decreases in gray 

matter within the language network may lead to decreased connectivity within specific areas 

of the language network but increased functional connectivity overall (Meunier, Stamatakis, 

& Tyler, 2013).

However, increased functional activation has not always been associated with better 

performance (Logan, Sanders, Snyder, Morris, & Buckner, 2002; Meinzer, et al., 2009). In a 

semantic fluency task, Meinzer and colleagues found negative correlations between 

language production and neural activity in right IFG in older adults, suggesting that the 

increased involvement of right IFG in older adults did not contribute to better performance. 

Others have observed increases in right frontal activation for older adults performing word 

and picture rhyme judgment tasks when they had comparable performance to younger adults 

(Geva, et al., 2012). However, in both groups there was a positive relation between error rate 

and activation in right frontal regions suggesting that the worst performers recruited right 

hemisphere resources more (Geva, et al., 2012). Our own work has shown that older adults 

produced more errors than young adults in a phonological judgment task that required covert 

production of picture names, and although older adults elicited greater activation than 

younger adults, this was not related to behavioral performance (Diaz, Johnson, Burke, & 
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Madden, 2014). Thus, it is clear that in some instances, recruitment of right hemisphere PFC 

regions aids language performance, while in other cases, it does not.

The relation between age-related neural differences and language processes is even more 

complex because normal aging may differentially affect specific language processes. For 

example, semantic aspects of receptive and productive language abilities are largely 

preserved: Semantic knowledge, as indexed by vocabulary, increases across the life span 

(Alwin & McCammon, 2001; Verhaeghen, 2003), and many studies have provided 

convergent evidence in support of preserved semantic function in older adults across various 

tasks, such as semantic priming (Madden, Pierce, & Allen, 1993), semantic judgment (Little, 

Prentice, & Wingfield, 2004), and word associations (Burke & Peters, 1986). Likewise, 

phonological processes are preserved during language comprehension, but there are notable 

age-related declines in language production, such as increased retrieval failures in producing 

spoken or written words (Burke & MacKay, 1997; MacKay & Abrams, 1998; MacKay, 

Abrams, & Pedroza, 1999; MacKay & James, 2004; Shafto & Tyler, 2014). During a tip-of-

the-tongue (TOT) state in which individuals know they know a word corresponding to a 

meaning but cannot retrieve the word itself (Brown & McNeill, 1966), older adults show less 

activation in the left anterior insula compared to young adults. This is consistent with older 

adults having weaker phonological retrieval, especially during more challenging word 

retrieval states (Shafto, Stamatakis, Tam, & Tyler, 2010). Older adults showed a negative 

correlation between TOT rates and activation in left insula, suggesting that while overall 

older adults elicited less left insula activation than younger adults, those older adults who 

could produce more activation had fewer phonological retrieval failures. Thus we may 

expect different brain-behavior relations depending on the aspect of language being 

examined (e.g., comprehension – compensation, phonological aspects of production – 

dedifferentiation).

While several previous studies have examined the effects of age on neural activation during 

language production (Bergerbest, et al., 2009; Diaz, et al., 2014; Geva, et al., 2012; Meinzer, 

et al., 2009; Nagels, et al., 2012; Tyler, et al., 2010), previous research has not investigated 

how the frontal control system functions during different types of lexical competition in 

normal aging. In this study we manipulated executive control demands in both phonological 

and semantic aspects of word comprehension to investigate brain mechanisms involved in 

resolving semantic and phonological competition. In the present study, participants were 

instructed to make rhyme and semantic similarity judgments about word triplets, and 

perceptual similarity judgments about dot clusters. Each trial consisted of three items (either 

words or dot clusters) displayed with one item (the cue) presented above two other items 

(the target and distractor) and participants judged which of these items was more similar to 

the cue. In the language tasks, we manipulated the phonological or semantic overlap 

between the cue and distractor and between the cue and target. We calculated a composite 

measure of selection demands based on ratings of the similarities of the cue and target and of 

the cue and distractor to yield a single measure of phonological or semantic competition. We 

also included a perceptual similarity judgment task as a baseline condition, in which spatial 

dot pattern similarity was manipulated between the cue and target and between the cue and 

distractor dot displays. Across the three tasks, we parametrically modulated selection 

demands by directly correlating the neural activity of each stimulus trial with the 
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corresponding selection demands of the trial. This method provided a more fine-grained tool 

than canonical factorial contrasts to investigate these brain-behavior relationships.

We hypothesized that inasmuch as older adults are able to maintain their language systems 

through neural compensation, there would be a significant relation between behavioral 

performance and functional activation for a given condition. The likely pattern of age 

differences is either increased activation for older adults in a region that supports language in 

both younger and older adults (i.e., over-activation), or selective activation for older adults in 

a region outside of the typical language network. In either case, compensatory accounts 

predict that fMRI activations should positively correlate with improvements in behavioral 

performance. Dedifferentiation accounts, however, would predict increases in activation that 

do not correspond to maintained or improved behavioral performance. Moreover, if older 

adults maintain their language processes in these tasks via cognitive control then these 

patterns of over activation or selective activation should occur for older adults in control 

regions such as anterior cingulate or superior frontal regions. We also expect patterns of 

activation to be associated with task difficulty. Inasmuch as older adults show patterns of 

hemispheric asymmetry similar to younger adults’ (e.g., Bozic et al., 2010) we would expect 

bilateral frontal activation during low levels of task difficulty and left inferior frontal 

engagement as difficulty increases.

Methods

Participants

Twenty healthy younger adults (19–34 years, mean age = 23.7; 10 males) and 20 healthy 

older adults (ages 60–78 years, mean age = 66.6; 8 males) participated in this study. All 

were community-dwelling, right-handed (Edinburgh Handedness Inventory, Oldfield 

(1971)), native speakers of American English. All participants had normal or corrected to 

normal vision and none reported a history of neurological or psychological disorders, major 

medical conditions (e.g., diabetes, heart disease), or taking medication that might affect the 

brain or blood flow (Christensen, Moye, Armson, & Kern, 1992). All participants underwent 

neuropsychological testing to assess basic cognitive skills such as speed, memory, executive 

function, and language. Demographic characteristics and scores from neuropsychological 

testing are reported in Table 1. Consistent with prior research, older adults had larger 

vocabularies, as assessed by the WAIS-III, and were slower to respond on speed, Stroop, and 

digit-symbol tasks, compared to younger adults. There were no age differences in verbal 

fluency, recall (immediate or delayed), or forward or backward digit span. All participants 

provided informed consent and were compensated for their time. The Duke University 

Medical Center Institutional Review Board approved all experimental procedures.

Stimuli

For each of the three task types (rhyme judgment, semantic similarity judgment, perceptual 

similarity judgment) we selected a set of 165 word or dot pattern triplets that varied 

respectively in rhyme, semantic, or perceptual similarity between the cue and target and the 

cue and distractor (see Figure 1 for stimuli examples). All words were high frequency 

English nouns, verbs, or adjectives that did not differ significantly in length or frequency 
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across conditions (length: rhyme M = 5.12, SD = 1.30, Min = 2, Max = 9, semantic M = 

5.04 SD = 1.28, Min = 3, Max = 10; Log HAL frequency: phonological M = 8.49, SD = 

2.12, Min = 3.33, Max = 13.58, semantic M = 8.69, SD =1.63, Min = 3.43, Max = 13.89). 

Dot patterns consisted of five white dots on a black background, and the positions of the dots 

varied to generate visual dot patterns differing in spatial similarity.

An independent group of 20 native English-speaking participants (M age = 38.1, 8 females) 

recruited from Amazon M-Turk who did not participate in the fMRI study were instructed to 

evaluate the similarity of the cue-target pairs and the cue-distractor pairs using a 1–7 scale, 

where 1 indicated no similarity and 7 indicated very similar or almost identical. The 

similarity ratings were averaged across participants for each stimulus pair, and then 

multiplied by 100. Additional behavioral piloting was conducted on a separate group of 14 

young participants (Mean Age = 25.3, 3 males). This was done to ensure that participants 

could perform the task. Data from the fMRI participants indicated that increasing similarity 

values for cue-target pairs, indicated decreasing selection demands as measured by RT/

accuracy (r = −0.34, p < 0.001), whereas for cue-distractor pairs increasing similarity values 

indicated increasing selection demands (r = 0.54, p < 0.001). To create a common selection 

demand measure, we transformed cue-target values by subtracting each value from 800 so 

that increases in this variable reflected increasing selection demands. We then generated a 

composite measure of selection demands by averaging values for the transformed cue-target 

similarity ratings and cue-distractor similarity ratings for each triad. We chose to use this 

composite measure in our analyses because the correlation between the composite selection 

measure and RT/accuracy (Townsend & Ashby, 1978, 1983) was stronger than the 

correlations of the individual measures, r = −0.59, p < 0.001. Moreover the composite 

selection measure was strongly correlated with each measure individually (cue-target 

similarity, r = 0.74, p < 0.001; cue-distractor similarity, r = −0.75, p < 0.001), indicating that 

this measure represented both individual measures well.

For the rhyme triplets only, the composite selection measure was significantly positively 

correlated with the number of phonemes in the words, r = 0.28, p < 0.05, and because of 

this, number of phonemes was included as a nuisance regressor in the fMRI model for this 

task only. The rhyme selection measure did not correlate with any other variables, such as 

word imageability, word length, or frequency, after partialling out the number of phonemes. 

The composite selection measure for the semantic triplets did not correlate with the number 

of phonemes, word length, imageability, or frequency so none of these nuisance regressors 

were needed. Ratings for these lexical stimulus properties were obtained from the English 

Lexicon Project (Balota, et al., 2007).

Procedure

The experiment consisted of three tasks: rhyme judgment, semantic similarity judgment, and 

perceptual similarity judgment (Figure 1). On each trial, three words or dot patterns were 

simultaneously displayed in the center of the screen and arranged as a triad with the cue 

presented above the target and distractor (duration = 1500 ms). Participants were instructed 

to decide which of the two bottom stimuli (target, distractor) best matched the top stimulus 

(cue) in terms of rhyme, semantic, or perceptual similarity, depending on the task and could 
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respond while the triad was on the screen or during the variable inter-stimulus-interval (ISI) 

that followed each trial. Across trials, the locations of the target and distractor were varied 

equally across left and right positions, and across participants these locations were 

counterbalanced to control for any remaining effects of stimulus location on task 

performance. The ordering of the three tasks was counterbalanced order across participants. 

Each task was presented across two, 5-minute runs of 82 or 83 trials, and within each task, 

the two runs were always presented together (e.g., rhyme, rhyme, semantic, semantic, 

perceptual, perceptual or semantic, semantic, perceptual, perceptual, rhyme, rhyme, etc.). No 

stimuli were repeated within or across runs.

Participants were asked to respond as quickly and accurately as possible on each trial by 

pressing the button that corresponded to the item that they judged to be most similar to the 

cue. All participants were provided with extensive instructions on how to make the rhyme, 

semantic, and perceptual judgments and performed practice runs with 30 trials of each 

condition to ensure that they understood the tasks. Practice runs were repeated as needed. 

Additional details on the instructions can be found in the supplemental material. Response 

times (RTs) were calculated from the onset of each word/dot triplet to the button press, and 

recorded with a hand-held fiber optic response box (Current Designs, Philadelphia, PA, 

USA). A variable inter-stimulus-interval was used (interval = 2 – 8s, M = 3 s) and the trial 

order was randomized and optimized using the Optseq2 program (Dale, 1999). A fixation 

cross was presented at the beginning and the end of each run, and a blank screen was 

presented between trials. All stimuli were presented via a projector using E-Prime 

presentation software.

MRI acquisition and statistical analysis

MRI scanning was completed on a 3.0 Tesla GE MR 750 whole-body 60 cm bore human 

scanner equipped with 50 mT/m gradients and a 200 T/m/s slew rate. An eight-channel head 

coil was used for radio frequency (RF) reception (General Electric, Milwaukee Wisconsin, 

USA). Sagittal T-1 weighted localizer images were acquired and used to define a volume for 

data collection and high order shimming. A semi-automated high-order shimming program 

was used to ensure global field homogeneity. High-resolution structural images were 

acquired using a 3D fSPGR pulse sequence (TR = 7.64 ms; TE = 2.94 ms; ti = 450 ms; FOV 

= 25.6 cm2; flip angle =12°; voxel size = 1 × 1 × 1 mm; 162 contiguous slices, sense factor = 

2). Functional images sensitive to blood oxygen level-dependent (BOLD) contrast were 

acquired using a gradient-echo EPI sequence (TR = 2 s; TE = 23 ms; FOV = 19.2 cm2; flip 

angle = 77°; SENSE factor = 1; voxel size = 3 mm3; 40 contiguous oblique axial slices, 

parallel to the AC-PC line, interleaved acquisition). Each of the six runs consisted of the 

acquisition of a time series of 198 brain volumes. Three initial RF excitations were 

performed to achieve steady state equilibrium and were subsequently discarded. These 

factors resulted in individual functional runs that were 6.5 minutes each.

We incorporated a quality assurance protocol that assessed the acquired images for the 

number of potentially clipped voxels, mean signal fluctuation to noise ratio (SFNR), and 

per-slice variation (Glover, et al., 2012). Pre-processing and statistical analysis were carried 

out in SPM8 (Wellcome Institute of Cognitive Neurology, London, UK. 
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www.fil.ion.ucl.ac.uk), under MATLAB (Mathworks Inc., Natick, MA, USA). All images in 

the six runs were concatenated together as a single run before the pre-processing analysis, 

following the procedures in (Kriegeskorte, Mur, & Bandettini, 2008). EPI images were 

realigned to the first EPI image (excluding 3 initial discarded and deleted acquisitions) to 

correct for head motion, slice time corrected, and spatially normalized to a standard MNI 

(Montreal Neurological Institute) EPI template, using a cutoff of 25 mm for the discrete 

cosine transform functions. Statistical modeling was done in the context of the general linear 

model as implemented in SPM8 (GLM, Friston, et al. (1995), using a 8mm full-width half-

maximal Gaussian smoothing kernel.

In the individual analysis for each participant, we used a parametric modulation design to 

model the experimental conditions and variables of interest such that the value of the 

variable of interest (e.g., selection demands) was used to model the hemodynamic response 

(Buchel, Wise, Mummery, Poline, & Friston, 1996; Henson, 2004). The advantage of this 

method is that it provides a more sensitive measurement of the relationships between neural 

activity and the continuous variables of interest in contrast to categorical analyses that 

combine many different stimuli in a single condition average. In the analysis of task-related 

data, the six runs (with two runs for each of the three tasks) were concatenated into a single 

analysis session, and the design matrix consisted of three independent events (critical 

stimulus, i.e., word or dot triplet, fixation, and errors), together with six head motion 

parameters, a set of linear trend predictors, and a confound-mean predictor. Four task-related 

parametric modulators modulated the first event: a nuisance variable (number of phonemes 

for the rhyme triplets) and three parametrically modulated composite selection measures for 

each condition (rhyme triplets, semantic triplets and dot triplets, respectively). These 

selection measures are perceptual/lexical competition scores that were computed from a 

norming study. The raw values, ranging from 100 to 700, were used as parametric 

modulators for each task without any transformation. These modulators were treated in 

parallel so that no shared variance among them was allocated to any of these modulators. 

The number of phonemes variable was partialed out from the rhyme selection measure 

because of their significant correlation. However, because number of phonemes was not 

significantly correlated with the semantic selection measure we did not include this as a 

nuisance regressor in the semantic analysis. Errors (incorrect responses and omitted 

responses) were modeled as a separate event (regressor). RT outliers were defined as 

responses faster than 300 ms or greater than 3 SDs from that individual's overall mean. 

Combined, these trials accounted for approximately 15.9% of the trials (13.6% incorrect, 

1.5% no response, 0.8% outliers). A significant modulator effect means that neural activity 

in some brain regions significantly correlated with increasing or decreasing values of the 

modulator (i.e., selection demands).

Trials were modeled using a canonical hemodynamic response function (HRF), and the 

offset of each stimulus was taken as the onset of the trial in the SPM analysis model with 

duration as 0, so as to detect the activation peak in processing each word or dot triplet1. The 

data for each participant were analyzed at the participant level using a fixed effects model, 

1Different parameters, such as the onset of each stimulus as the trial onset with the stimulus duration as the trial duration, were also 
tested in other models and produced the same patterns of results as in the reported analysis.
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and the activity maps corresponding to positive effects of rhyme, semantic and perceptual 

tasks in each participant were input into a 2 (younger/older adults) × 3 (rhyme/semantic/

perceptual) random effects ANOVA at the group level. Follow up t-tests were conducted to 

further characterize significant main effects and interactions from the ANOVA. Additionally, 

the t-test results were masked by the relevant ANOVA main effect or interaction result (i.e., 

a conjunction) to limit the possibility of reporting false-positives (i.e., regions that were only 

significant in the t-test, but not the ANOVA). Activations were thresholded at p < 0.005, 

uncorrected, at the voxel level, and significant clusters were reported only when they also 

survived a p < 0.05, cluster-level correction for multiple comparisons. Coordinates of 

significant clusters peaks and sub-peaks for all analyses were reported in the Tables in MNI 

space. The extents of activations are further verbally characterized in the text. Regions were 

identified by using the AAL atlas (Tzourio-Mazoyer, et al., 2002) and Brodmann templates 

as implemented in MRIcron (http://www.MRicro.com/MRicron).

We also correlated several of the neuroimaging measures with the behavioral measures. For 

these analyses, we used non-parametric statistics to accommodate slight deviations from 

normality (RT: mean = 1492 ms, median = 1470 ms, skew = 0.50, kurtosis = 0.02, Shapiro-

Wilk statistic = .978, p = .05; Accuracy: mean = 84.1%, median = 85.7%, skew = −0.57, 

kurtosis: −0.19, Shapiro-Wilk statistic = .958, p < .01. To further supplement and confirm 

these analyses between activity and performance on a trial-by-trial basis, we conducted a 

logistic mixed effects regression extracting left IFG activity from each participant's first-

level statistics, combining this with age group and task type, as independent variables to 

predict accuracy on each trial (0/1). To assess whether the brain-behavior relations were 

influenced by gray matter volume, we conducted a correlation between individual 

differences in gray matter and brain activation. In these analyses the structural T1 image of 

each participant was segmented into three images of gray matter, white matter and CSF, 

following the standard segmentation analysis procedures in SPM. An ROI mask of the LIFG 

was created in standard MNI space using the AAL atlas, then inverse-normalized into each 

participant’s native space (Samanez-Larkin & D'Esposito, 2008). The individualized LIFG 

ROI was then applied to the segmented gray matter image of each participant to extract the 

gray matter volume of the LIFG for each participant. We further correlated the extracted 

LIFG gray matter volume with brain activation.

Results

Behavioral results

RTs for correct trials and response accuracy were recorded and averaged for each task 

condition and participant (Figure 2). In a 2 (Age; young, old) × 3 (Task; rhyme, semantic, 

perceptual) ANOVA on RT we found a significant main effect of task, F(2, 119) = 54.02, p < 

0.01, with the fastest responses in the perceptual task, followed by the rhyme task, and the 

semantic task. Follow-up t-tests indicated that responses in the semantic task (M = 1675 ms) 

were significantly slower than in the rhyme task (M = 1444 ms), t(78) = 4.14, p <.001, and 

the perceptual task (M = 1360 ms), t(78) = 5.90, p <.001. Responses to the rhyme task were 

marginally slower than responses to the perceptual task, t(78) = 1.81, p =.07. The main 

effect of age was also significant, F(1, 119) = 7.89, p < 0.01, with faster responses for 
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younger adults (M = 1410 ms) than older adults (M = 1576 ms), with no significant age by 

task interaction. Additional analyses of log-transformed RT data yielded an identical pattern 

of results. See supplemental Table 1 for additional details on the behavioral data.

In a similar 2 × 3 ANOVA on response accuracy, we observed a significant main effect of 

task, F(2, 119) = 123.66, p < 0.01, with the highest accuracy in the rhyme task (90.8%), 

followed by the perceptual task (84.7%), and semantic task (76.8%). Follow-up t-tests 

indicated that accuracy in the semantic task was significantly lower than accuracy in the 

rhyme task, t(78) = 9.30, p <.001, and the perceptual task, t(78) = 5.70, p <.001. Accuracy in 

the rhyme task was significantly higher than accuracy in the perceptual task, t(78) = 4.35, p 
< .001. There was no significant main effect of age, F(1, 119) = 2.28, p > 0.1, but age 

interacted with task, F(2, 119) = 4.04, p < 0.05. Follow-up analyses revealed a significant 

age effect in the semantic task, F(1, 38) = 6.86, p < 0.05, with higher response accuracy for 

older adults (79.4%) than younger adults (74.2%), but no age difference in the rhyme F(1, 

38) = 1.08, p > 0.1, or perceptual task, F(1, 38) < 1. Additional analyses of log-transformed 

accuracy data yielded a similar pattern of results with a significant main effect of task, and 

the main effect of age also reached significance: older = 85.3%, younger = 82.8%. The age × 

condition interaction did not reach significance, p = 0.16).

Neuroimaging results

Our main analytic approach was to examine the patterns of activation using a 2 × 3 ANOVA 

to investigate the main effects of age and task and their interaction in specific neural regions. 

Effects of neural compensation or dedifferentiation were evaluated by examining patterns of 

brain activation between the age groups. There was no significant main effect of age on 

brain activation.

Effects of task were evaluated by examining neural regions that scaled in activation along 

with our parametric competition manipulations within each task and by comparing 

differences in neural activations between the tasks. There was a significant main effect of 

task in bilateral IFG (BA 47), precentral and postcentral gyri (BA 1, 2, 3, 4, 6), middle 

frontal gyri (BA 6, 8, 9), insula, supramarginal gyri and inferior parietal lobule (BA 40), 

middle cingulate (BA 24, 32, 23), cuneus, and left superior temporal gyrus (BA 22, see 

Table 3 & Figure 4A). To further assess where the rhyme and semantic tasks differed, we 

performed two corresponding t-tests, i.e., rhyme greater than semantic selection, and 

semantic greater than rhyme selection. The perceptual dots condition was not included in 

these contrasts because there were no regions that showed a parametric modulation to the 

dots condition. The contrast of rhyme greater than semantic selection produced significant 

activation in many of the same brain regions as the main effect of task including bilateral 

inferior frontal gyri, bilateral supramarginal gyri, middle cingulate, and left superior 

temporal gyrus (Table 3 & Figure 4B). In contrast, the semantic selection effect was greater 

than rhyme selection effect only in a region in posterior left middle frontal gyrus (BA 6, 8, 9, 

Table 3 & Figure 4C). As can be seen from our individual analyses of each condition (Table 

2, Figure 3), both rhyme and semantic tasks engaged similar brain regions, thus the 

differences in the t-test reflect a difference in degree of activation.
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Moreover, there was a significant interaction of age and task in which older adults elicited 

significantly greater activation than younger adults during the semantic condition. These 

effects were found in the left IFG (BA 47, 45, 44) that extended slightly into left rolandic 

operculum, insula, and superior temporal pole (BA 38); and also included left fusiform 

gyrus and parahippocampus (BA 37); and bilateral posterior cingulate (BA 23), extending 

into right precuneus and hippocampus (Table 4 & Figure 5). To further understand the nature 

of this interaction we performed conjunction analyses to find the overlap between regions 

that were significantly activated in the interaction analysis and in the main effect of task. 

This further confirmed that there were no significant age differences for the rhyme task but 

in the semantic task older adults elicited significantly greater activation than younger adults 

in left IFG, left fusiform gyrus, and bilateral posterior cingulate (Figure 5b).

To further investigate the function of these clusters, we used non-parametric correlations 

between the functional activation elicited by each condition and behavioral performance 

(accuracy). In inferior frontal gyrus, for the semantic task, there was an overall significant 

positive correlation, Spearman’s rho = .42, p < .01. Further analyses revealed that this 

correlation was driven by the younger, but not older, adults (younger: Spearman’s rho = .45, 

p < .05; older: Spearman’s rho = .01, n.s., Figure 5d). To further confirm the relation 

between left IFG activation and accuracy, we conducted a logistic mixed effects regression 

using single-trial task activity. In the logistic regression analysis, we examined the extent to 

which accuracy as the dependent variable (coding correct and error responses were coded as 

“1s” and “0s”, respectively), was predicted by three independent variables: neural activity in 

the LIFG ROI, age group (younger and older adults were coded as “1s” and “0s”, 

respectively), and task type (phonological and semantic trials were coded as “1s” and “0s”, 

respectively). The measure of neural activity in the LIFG ROI was composed of continuous 

data, and was not mean-centered. The results showed that all three independent variables 

were significant predictors of response accuracy of participants, β = 0.02, χ2 = 15.44, p < 

0.0001, for the LIFG ROI activity predictor; β = 0.31, χ2 = 41.07, p < 0.0001, for the age 

group predictor; and β = − 1.12, χ2 = 456.21, p < 0.0001, for the task type predictor. 

Increasing neural activity in the LIFG is significantly associated with higher response 

accuracy.

For the rhyme task, overall and individually, groups showed numerically positive, but non-

significant correlations between accuracy and activation in left IFG (overall: Spearman’s rho 

= .19; younger: Spearman’s rho = .30; older: Spearman’s rho = .33, p = .15, Figure 5c). 

There were no statistically significant differences between these correlations (Steiger’s Z = 

−0.1). No correlations between accuracy and fMRI activation in the fusiform or posterior 

cingulate were significant. One potential concern is whether age-related differences in brain 

volume are driving these correlations. To assess this, we calculated the correlation between 

individual gray matter volumes in the left IFG and brain activation; there were no significant 

relations between these factors (collapsing across both conditions: r = 0.17, p > 0.1; rhyme: r 

= 0.26, p > 0.1; semantic: r = −0.06, p > 0.1). This finding suggests that potential brain 

volume differences among participants did not affect our experimental results substantially.
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Discussion

We investigated the functional activation associated with a parametric modulation of rhyme, 

semantic, and perceptual selection processes in older and younger adults during a receptive 

language task. Although receptive language is well maintained with increased age, it is 

unclear how executive control processes interact with language comprehension. We 

measured this here by examining the relation between age and selection difficulty in rhyme, 

semantic, and perceptual tasks. Our main findings centered on the significant Age × Task 

interactions in which older adults engaged left IFG to a greater extent than younger adults in 

the semantic task. Behavioral results indicated that, compared to younger adults, older adults 

performed significantly more accurately in the semantic task. These results support the idea 

that semantic representation and retrieval are preserved with aging.

In contrast, the rhyme task was the easier language task for all participants to complete, and 

performance was characterized by similar accuracies and response times for younger and 

older adults. In turn, both groups elicited similar levels of activation in bilateral IFG, 

bilateral supramarginal gyri, cingulate, and left superior temporal gyrus to support 

performance. Combined, these results show that the age-related differences only emerged 

during the more challenging semantic task and behavioral performance in this condition was 

supported by increased recruitment of left inferior frontal regions for older adults, as well as 

bilateral posterior cingulate, and left fusiform regions.

Prior work in younger adults demonstrated that bilateral inferior frontal resources were 

recruited for non-grammatical increases in complexity during speech comprehension, while 

unilateral left inferior frontal regions were sensitive to grammatical complexity (Bozic, et 

al., 2010). Here we extend those findings and demonstrate that for both older and younger 

adults, rhyme judgments engaged bilateral frontal regions, while age-related semantic 

differences emerged in left IFG only. Engagement of left frontal regions for both rhyme and 

semantic tasks supports the left IFG’s involvement in a broad spectrum of language-related 

processes. Moreover, our results parallel prior work by demonstrating that in the present 

study our relatively easier rhyme task engaged bilateral frontal regions for both older and 

younger adults, while the more difficult semantic task, elicited age-related differences in left 

IFG.

Of note, our parametric neuroimaging main effect of Task revealed increases in activation 

for the rhyme task in regions typically associated with phonological processing: bilateral 

frontal and supramarginal gyri, as well as left superior temporal gyrus. In contrast, increases 

in semantic selection demands were associated with activation in left middle frontal gyrus. 

While this is not a traditional ‘language’ region, effects of task difficulty are often found in 

this region (e.g., Huettel & McCarthy, 2004). Alternatively, this region (bilaterally) has also 

been implicated in the use of semantic organizational strategies (Miotto, et al., 2006; Savage, 

et al., 2001). Either interpretation supports the recruitment of additional control regions 

beyond the typical language network during the semantic task for all adults. Because there 

were significant differences in task difficulty between the rhyme and semantic conditions, it 

is also possible that difficulty in general rather than semantic processing per se, may be 

contributing to these results.
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As previously mentioned, although there was not a significant fMRI main effect of age, we 

found a significant Age × Task interaction in left inferior frontal gyrus, bilateral posterior 

cingulate, and left fusiform that was driven by age differences in resolving semantic 

competition (older > younger). It is interesting to note how this fMRI result intersects with 

the behavioral results. Behavioral performance suggests that overall, the rhyme task was the 

easier language task for all participants to complete, and both groups performed similarly 

behaviorally and engaged similar brain regions. Although aging has been associated with 

declines in phonological processing, this is typically found in language production. Here we 

examined reading, in which orthography drives access to phonological representations. For 

skilled readers, such as the participants in our study, letters provide a salient cue to the 

sounds of the words (e.g., Bonin, Peereman, & Fayol, 2001) and older adults showed no 

deficit in retrieving the phonology of written words. The semantic condition was overall the 

most difficult condition, and older adults performed more accurately than younger adults. 

Moreover, older adults elicited significantly greater activation in left inferior frontal gyrus 

than younger adults while performing the semantic task. Although the correlation between 

individual levels of activation and behavior for the older adults was not significant, the 

overall group pattern suggests that increases in activation were associated with better 

behavioral performance. Overall these results support the preservation and enhancement of 

semantic representations and retrieval with aging.

Taken into context with neurocognitive models of aging, our results are not consistent with a 

typical right-hemisphere compensation account (e.g., Cabeza, et al., 2002), but rather 

suggest that when faced with a challenging semantic task, older adults continued to rely on 

left inferior frontal gyrus. In addition to left inferior frontal gyrus, our Age × Task 

interaction was also significant in left fusiform/parahippocampus and bilateral posterior 

cingulate. Even though the activation-behavior correlations were not significant in these 

regions for either group, recruitment of these additional regions may suggest an increased 

reliance on perceptual processing (e.g., Grill-Spector, 2003) and internal monitoring (e.g., 

Vogt, Finch, & Olson, 1992) during difficult tasks.

Although our findings are somewhat at odds with previous language studies that found right 

inferior frontal gyrus activation that was associated with matched or improved performance 

in older adults during object naming (Wierenga, et al., 2008) and verb generation (Persson, 

et al., 2004), part of this discrepancy in the recruitment of homologous right frontal regions 

may be due to the type of language process being engaged. The aforementioned studies were 

tasks of language production, while this was a language comprehension task. Although there 

were task difficulty differences in the present study, language comprehension in general is 

largely preserved with age. It is possible that further increases in difficulty are required for 

recruitment of homologous right frontal regions, (although see Diaz, et al., 2014; Meinzer, et 

al., 2009 for examples of non-compensatory increased activation in language production in 

older adults).

Part of the challenge in distinguishing neural accounts of compensation from 

dedifferentiation rests in their association with behavior and cognition. One of the 

limitations of the present study is that we found numerically positive, but non-significant, 

correlations between accuracy and left IFG activation for the rhyme task. Although we feel 
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that the task was reflective of phonological processing, and both groups performed well on 

this task reflecting the idea that phonological aspects of reading are well preserved with age. 

It is possible that with a more challenging phonological task, brain-behavior correlations and 

age-effects may emerge. Moreover, although older adults outperformed younger adults on 

the semantic task, and elicited significantly greater activation in left IFG than younger 

adults, within the older adults there was not a significant correlation between activation and 

behavior. The lack of a significant correlation could reflect the more limited power of the 

typical sample sizes in neuroimaging studies and perhaps the increased variability in 

behavioral and neural measures for older adults.

In summary, we investigated the brain mechanisms of healthy aging in language 

comprehension using rhyme, semantic, and perceptual similarity judgment tasks. Overall 

older and younger adults performed the rhyme task similarly, engaging bilateral IFG, 

supramarginal gyri, and left STG. In contrast, older adults had higher accuracy on the 

semantic task than younger adults and a significant Age × Task interaction in left IFG, left 

fusiform, and bilateral cingulate. In these regions, older adults elicited greater activation than 

younger adults, and across all adults increases in activation during the semantic task were 

associated with higher accuracies. Our results suggest that at lower levels of task difficulty, 

older and younger adults engaged similar neural networks that benefited behavioral 

performance. During the more difficult semantic task, older adults engaged largely left 

hemisphere regions both within the language network and in perceptual and monitoring 

regions to complete the task. The recruitment of these perceptual, monitoring regions in the 

more difficult semantic task suggests an increased reliance on control processes that may not 

be required for younger adults. Moreover, our results support the general stability of the 

language comprehension system in aging and emphasize how the preservation of semantic 

representations with aging can benefit performance under conditions of increased task 

difficulty.
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Highlights

• All adults performed best and engaged similar brain regions during the rhyme 

judgment.

• A Task × Age interaction was found in left inferior frontal gyrus.

• Older adults elicited greater activation than younger adults in the semantic 

condition.

• Results support the general stability of language comprehension in aging.

• Age-related preservation of semantics benefits performance in harder tasks.
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Figure 1. 
Examples of stimuli from each condition and an overview of the experimental procedure are 

presented.
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Figure 2. 
Behavioral Results. Shown are group means for the rhyme and semantic tasks (a: reaction 

time (RT) and b: accuracy with standard error bars, p < 0.05). There was a main effect of 

Task in all three behavioral measures with participants responding faster and more 

accurately to the rhyme trials. There was also a main effect of Age Group in the RT with 

older adults responding more slowly overall. In the accuracy analyses, there was also a 

significant interaction between Age Group and Condition with older adults responding more 

accurately in the semantic task compared to younger adults.
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Figure 3. 
(A) Significant activation for increasing selection demands in the rhyme judgment, and (B) 

semantic judgment are shown at a threshold of p < 0.005, voxel-level uncorrected, and p < 

0.05, cluster-level corrected. There were no regions that significantly correlated with 

increasing selection demands in the perceptual condition.
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Figure 4. 
Significant activations for (A) the main effect of task in an F-test, (B) significant activation 

for the contrasts of rhyme minus semantic judgment, and (C) semantic minus rhyme 

judgment in t-tests are shown. All analyses are presented at a threshold of p < 0.005, voxel-

level uncorrected, and p < 0.05, cluster-level corrected.
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Figure 5. 
(A) Significant activations for the interaction effect of Condition × Age Group in an F-test 

are shown at a threshold of p < 0.005, voxel-level uncorrected, and p < 0.05, cluster-level 

corrected. (B) Mean activity in the significant cluster in left inferior frontal gyrus was 

extracted and plotted across the four conditions and age combinations. (C) The relation 

between neural activity in the left IFG and behavioral performance was numerically positive 

but non-significant for both younger and older adults in the rhyme judgment and (D) was 

significant in younger, but not older adults, for the semantic judgment. Spearman’s rho 

values are provided for each group in each analysis.
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Table 1

Participant Demographics

Younger Older

N 20 20

Age*** 23.70 (3.45) 66.55 (4.47)

Education 15.90 (2.07) 17.05 (2.16)

MMSE 29.35 (0.93) 29.30 (0.86)

BDI 0.79 (1.04) 1.32 (1.25)

Vocabulary (WAIS III)* 57.4 (6.68) 61.3 (5.05)

Verbal Fluency (total) 77.45 (15.29) 71.70 (12.70)

Digit Symbol RT*** 1246.68 (265.19) 1778.86 (330.53)

Stroop Task

  Congruent RT* 498.45 (76.73) 558.24 (82.85)

  Incongruent RT** 535.59 (102.70) 629.18 (113.77)

Speed RT** 277.49 (27.57) 315.30 (44.23)

Immediate Recall 11.68 (1.80) 11.10 (2.79)

Delayed Recall 10.63 (2.19) 9.65 (3.48)

Digit Span

  Forward 11.65 (1.84) 12.65 (2.06)

  Backward 8.35 (2.52) 7.65 (1.84)

Note. Values provided are means, with standard deviation in parentheses; RT = reaction time.

*
= p < .05;

**
= p < .01;

***
= p < .001
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