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Abstract

Speech is unique among highly skilled human behaviors in its ease of acquisition by virtually all 

individuals who have normal hearing and cognitive ability. Vocal imitation is essential for 

acquiring speech, and it is an important element of social communication. The extent to which 

age-related changes in cognitive and motor function affect the ability to imitate speech is poorly 

understood. We analyzed the distributions of response times (RT) for repeating real words and 

pseudowords during fMRI. The average RT for older and younger participants was not different. 

In contrast, detailed analysis of RT distributions revealed age-dependent differences that were 

associated with changes in the time course of the BOLD response and specific patterns of regional 

activation. RT-dependent activity was observed in the bilateral posterior cingulate, supplementary 

motor area, and corpus callosum. This approach provides unique insight into the mechanisms 

associated with changes in speech production with aging.

Introduction

Vocal imitation is one of the earliest abilities that humans display. It is essential for acquiring 

speech and language, both for the first time and for the acquisition of a second language. 

Mature speakers routinely and unconsciously imitate various aspects of the speech of others; 

this has been observed during both structured imitation tasks and in studies of conversation 

(Fowler et al., 2003; Pardo, 2006). Speech imitation during social interactions has been 

proposed to serve a variety of functions, and it may drive phonetic changes in language, as 

well as the acquisition of dialect (e.g., Babel, 2012; Garrett and Johnson, to appear). The 
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ability to quickly imitate the speech of others can be important. During conversation, for 

example, a speaker might need to quickly imitate some aspects of their partner's speech to 

maintain the conversational flow. Unfortunately, the quickness of imitation may decrease 

with aging. Studies of speech and limb function have revealed that motor responses slow 

with aging (Fozo and Watson, 1998; Mattay et al., 2002; Rodríguez-Aranda and Jakobsen, 

2011). Fozo and Watson demonstrated that the reaction times for producing both simple and 

complex utterances were slower in older speakers (mean age = 74 yrs) than in young adults. 

Moreover, imaging studies of motor behavior have shown that older adults seem to recruit 

more brain regions than younger adults when performing limb movements or speaking 

(Mattay et al., 2002; Soros et al., 2011).

Although seemingly a trivial skill, speech imitation or repetition putatively involves a variety 

of underlying cognitive processes, including accurately perceiving the stimulus, holding the 

stimulus in phonological working memory, constructing a motor plan for producing the 

utterance and executing the plan. The neurological substrate underlying repetition is 

proposed to involve a bilateral dorsal stream (Hickok, 2009); however, evidence for this 

comes predominantly from neuroimaging studies involving young adults. Only one 

neuroimaging study has investigated the speech repetition performance of older adults (mean 

age = 71 yrs; Soros et al., 2011). Soros and colleagues used functional magnetic resonance 

imaging (fMRI) to study older and younger adults while they repeated ‘ah’ and ‘pataka.’ 

They monitored jaw movement as a measure of response latency. Similar to studies of limb 

movement, older adults demonstrated more areas of activation than younger participants, but 

there was no difference between older and younger participants with regard to latency and 

accuracy of response. These data suggest that the older participants were able to achieve the 

same level of performance as the younger participants, but they required more brain 

activation to do so. However, the tasks that Soros et al. employed, especially the production 

of an isolated vowel, are not typical of the everyday use of speech.

In the present study we have brought together three experimental approaches to investigate 

how changes in the ability of speakers to imitate speech with aging might be related to 

changes in underlying neural processes. First, we have used an analysis of the distributions 

of speech response latencies (i.e., reaction time, RT) to obtain a more complete picture of 

changes in the speed of imitation with aging than can be interpreted from changes in the 

mean (or median) alone. Second, we recorded overt speech in a magnetic resonance imaging 

scanner, which enabled us to examine changes in the activity of different regions of the brain 

that occur in association with word repetition. Third, Yarkoni et al. (2009) estimated the 

shape of regional response curves using a finite impulse response analysis of fMRI data 

collected during a variety of behavioral tasks to identify RT-correlated changes in activity in 

both gray and white matter regions of the brain. We have used an analogous analytical 

approach for fMRI data collected during a word repetition task to identify regions in which 

the RT-correlated activity is affected by age and the type of word to be repeated.

An important goal of this study was to determine how the ability of speakers to repeat real 

words and pseudowords, tasks that are similar to everyday speech, was influenced by age. 

We included pseudowords because speakers typically encounter and acquire new vocabulary 

throughout their lifetime, and a speaker's ability to repeat a pseudoword should reflect the 
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ability to repeat a newly encountered word for which they do not know the meaning. We 

chose to study middle-aged speakers because there are fewer data for this age group 

compared to the elderly. Moreover, middle-aged speakers are at risk for diseases such as 

stroke, but are also under financial pressure to continue to work. Thus, normative data 

regarding brain function in middle-aged speakers could help in the design of treatments for 

the recovery of speech post-stroke.

In addition to investigating age-dependent changes in word repetition, we also sought to 

identify regions of the brain in which the level of activity measured by fMRI covaried with 

response latency. Variability in the RTs for behavioral tasks typically deviates from a 

Gaussian distribution around an average value, with the addition of a variable degree of 

skewing of the distribution towards longer RTs. Many investigators have fitted the 

positively-skewed distributions of RTs with multiparameter functions (e.g., ex-Gaussian, 

Weibull, Gamma, ex-Wald) from which putative relationships between the parameters of 

these functions (i.e., the shape of the distributions) and various motor and cognitive 

processes underlying a behavioral task have been proposed (reviewed in Luce, 1986; Van 

Zandt, 2000; Van Zandt, 2002). However, these relationships are complicated. Therefore, 

rather than choosing among alternative mathematical functions based on an a priori 
assumption about an underlying model for word repetition, we have used the ex-Gaussian 

function, which is a convolution of an exponential function and a Gaussian function. The ex-

Gaussian function is very robust in fitting distributions of RTs, and it can provide insight 

into changes in skewness and central tendency, albeit in a model-independent manner (Van 

Zandt, 2002). We also performed an analysis of covariance of the fMRI data to identify 

regions of the brain in which the RT-correlated component of the activity was significantly 

affected by age and/or word type. By comparing these results with the effects of age and/or 

word type on the parameters of an ex-Gaussian function fitted to the distributions of RTs, we 

could potentially identify regions of the brain in which the level of activity identified by 

fMRI analysis might be related to specific features of the distributions of RTs. Although this 

approach does not enable us to demonstrate causal relationships between brain activity and 

the distribution of RTs, it does represent an important step towards identifying regions of the 

brain that might play a role in influencing word repetition.

Material and methods

Participants

Participants were 23 healthy adults, 11 young adults (19.11–28.6 yrs., M = 22.8, sd = 2.4, 1 

male) and 12 middle-aged (48.11– 68 yrs., M = 56.5, sd = 7.1, 5 males) with no history of 

speech, language or neurological problems and who passed a hearing screening at 20 dB for 

the frequencies 125–4000 Hz. They were all native speakers of English. The younger adults 

were undergraduate or graduate students. The middle-aged adults' education ranged from 16 

to 20 years (M = 17.8, sd = 1.8) and all were employed in full-time jobs. There was one left-

handed participant (middle-aged) as determined by the Edinburgh (Oldfield, 1971). All 

provided written consent under a protocol approved by the West Virginia University (WVU) 

Institutional Review Board. Two of the MA participants were unable to repeat all of the 

words accurately (including the real words) because they had difficulty hearing them, even 
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though they had passed the hearing screening and the stimulus intensity was increased to the 

maximum. Therefore, the data from these two participants were excluded from the analysis.

Stimuli

The stimuli were 30 four-syllable real words and 30 four-syllable pseudowords that were 

created by re-arranging the syllables of the real words. The pseudowords were created so as 

to have the same initial syllable frequency (Celex database Release 2, 1995) and phonotactic 

probability (Vitevitch and Luce, 1999) as the real words. They were edited to have the same 

RMS intensity and preceded by the carrier phrase “Do say_____”. The total stimulus length 

(carrier phrase + - word/pseudoword) was 1750 ms. There were also 30 pink noise stimuli of 

the same duration and RMS intensity as the word stimuli and preceded by the phrase “Don't 

say_____,” which served as a no-speech control condition.

Experimental design

Participants repeated all of the words/pseudowords aloud one time prior to entering the 

scanner. They repeated only the word or pseudoword portion of the stimulus (not the carrier 

phrase). Their responses were recorded on one channel of a digital recorder and the stimuli 

they heard were simultaneously recorded on the second channel. For the fMRI, we used an 

event-related design as in Shuster (2009) and Shuster and Lemieux (2005). The fixed 

interstimulus interval was 12 s. The stimuli were presented in random order in two sessions 

under the control of the Presentation® software (Neurobehavioral Systems). Forty-five 

stimuli were presented during each run, 15 of each of the three types (noise, real word, 

pseudoword) and the duration of each run was 9 min, 20 s. Participants repeated the words/

pseudowords aloud immediately upon hearing them, and they were asked to not move their 

mouths in any way (e.g., lick lips, swallow) in the period immediately following the 

presentation of the noise stimulus, as well as immediately after the repetition. Again, 

participants' responses and the stimuli that were presented were recorded digitally. The 

speech was recorded using an MR compatible microphone (Optoacoustics) mounted to the 

head coil, and the stimuli were presented over MR compatible Stax ear buds. Participants 

wore ear muffs over the ear buds. Prior to beginning the actual experimental run, stimuli 

were presented to each participant while the spiral in/out pulse sequence was running, and 

the volume was adjusted so that the stimuli were clearly audible. Because the ear muffs fit 

tightly into the head coil, it was difficult for participants to move their heads; however, in 

order to minimize head movement as much as possible, a piece of tape was placed across 

participants' foreheads and attached to each side of the head coil. They were told that if they 

felt a tug on the tape, this meant they were moving their heads and they should try to avoid 

this.

Analysis of accuracy of responses

Pseudoword productions that turned the pseudoword into a real word or that were not four 

syllables were excluded from the analysis, as were any incorrect real word productions, with 

one exception. In order to create 30 real word and pseudoword stimuli that were matched for 

initial syllable frequency and phonotactic probability, we had to use both ‘laboratory’ and 

‘lavatory.’ If a participant produced ‘lavatory’ in place of ‘laboratory,’ or vice versa, these 

productions were retained in the analysis. This occurred twice. One middle-aged participant 
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produced ‘lavatory’ when the stimulus was ‘laboratory,’ and one younger participant 

produced ‘laboratory’ when the stimulus was ‘lavatory.’ All participants repeated all of the 

words. However, for pseudoword repetition, three of the 300 total utterances produced by the 

10 middle-aged participants who were included in the analysis and two of the 330 utterances 

produced by the 11 younger participants were omitted from the analysis, based on the error 

criteria described above. For real word repetition, one utterance was omitted for one of the 

middle-aged participants and none were omitted for the younger participants. Repetitions 

were orthographically transcribed.

Analysis of reaction times

The reaction time (RT) for each utterance was measured from the onset time of the stimulus 

carrier phrase to the onset time of the participant's response. The RT and the duration of each 

word were measured from speech spectrograms using a digital cursor in Cool Edit Pro. In 

order to more clearly visualize the speech responses, the participants' utterances were 

filtered using an FFT filter created using the noise profile of the scanner noise. Nine subjects 

were randomly selected and RTs for one scanner run for each subject were independently re-

measured by a second investigator (43% of the total utterances). Reliability was determined 

using a Pearson's correlation.

In addition to comparing mean RTs, we also analyzed the distributions of RTs by fitting each 

distribution with a Gaussian and an ex-Gaussian function. The ex-Gaussian function is a 

convolution of Gaussian and exponential functions with parameters including the mean (μ) 

and standard deviation (σ) of the Gaussian component and the time constant (τ) of the 

exponential component (Lacouture and Cousineau, 2008). Compared to a symmetric 

Gaussian distribution, the addition of the exponential component improves the fit to 

asymmetric distributions that have a tail extending to longer reaction times. The shape of the 

ex-Gaussian function can range from a normal, bell-shaped curve (when τ is small) to a 

highly positively skewed curve (when τ is large). The ex-Gaussian function can be useful as 

an initial step in the analysis of RT distributions because it does not make any assumptions 

about an underlying model, compared to alternative models for RT distributions. Best-fit 

values of μ, σ, and τ were estimated using the Continuous Maximum Likelihood (CML) 

method implemented either in the QMPE/CML software package (v2.18; Heathcote et al., 

2004) or in a software routine written by one of the authors (Wonderlin). Reaction time data 

were pooled across participants within each combination of age group and word type, which 

yielded a robust estimation of the parameters using CML because of the large number of 

RTs in each data set. The standard error of each parameter estimate was calculated using two 

methods. First, the standard error was calculated from the Hessian matrix by an internal 

routine in QMPE/CML. Second, a bootstrapping method (Efron, 1979) was used in which 

each data set was fitted 100 times, with one RT randomly selected and removed from the 

data set (with replacement) for each iteration. The standard deviation of the 100 estimates of 

the parameter provides an estimate of the standard error of the parameter. Both methods 

yielded similar values for the standard errors, with the largest discrepancy being less than 

10% of the parameter value. Standard errors calculated by QMPE/CML were used in all 

figures. Differences between data sets in the estimated values of a parameter were 

statistically tested using the likelihood ratio test of a χ2(1) distribution with likelihood ratio 
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Lratio = 2 ∗ (Lnested − Lfull), where the log-likelihood of the full model (Lfull) was compared 

to that of a nested model (Lnested) in which the parameter being tested was shared during the 

fitting of the two data sets.

fMRI data acquisition, processing, and analysis

Imaging data were acquired on the GE Signa 3 T MR scanner in the WVU Center for 

Advanced Imaging. The functional imaging parameters were as follow: spiral in/out; axial 

plane; TR = 2 s; FOV = 240; matrix = 64 × 64; slice = 5 mm. We also collected high 

resolution anatomical images with the following parameters: SPGR; FOV = 250; matrix 256 

× 256; slice = 1.8 mm; 124 slices. These data were analyzed using the AFNI software suite 

(Cox, 1996). For each participant, after reconstruction (Glover and Law, 2001), the images 

were slice timing corrected, warped to the ICBM 452 template, and motion corrected, and 

the time series were scaled by the temporal mean so that the response estimates can be 

interpreted in percent signal change. The data were then entered into a regression analysis 

(3dDeconvolve). The motion parameters that were output during the motion correction 

process were used as regressors of no interest in the regression analysis. Speech motion 

artifact was controlled by censoring the time points during which the speech response 

occurred, which was consistently between 0 and 2.1 s after the onset of the stimulus. 

Censoring means that those time points were not used in the statistical model. RT was used 

as an explanatory variable at the trial level to determine the extent to which the brain 

activation was proportional to the RT for each response. To accomplish this, the RT for each 

response was entered into the model using the amplitude modulation (also known as 

parametric modulation) approach. This yields two sets of regressors, one associated with the 

average RT and the other in proportion to the RT (RT-modulated or RT-correlated 

component). The relationship between the two effects can be visualized as the intercept and 

slope when the x and y axes are the RT and BOLD responses respectively (with RT centered 

around the average value). This approach is not unusual in fMRI analysis, but in the majority 

of studies, the RT-correlated component is viewed as a nuisance variable and ignored. The 

first component (average RT) shows the typical BOLD response and has a unit of percent 

signal change. The second component (RT-correlated) indicates the response change in 

percent signal change (increase or decrease) when RT increases by one time unit (second).

We did not want to make any a priori assumptions regarding the shape of the hemodynamic 

response function. Therefore, we estimated and captured the shape with six tent basis 

functions that equally spanned 10 s beginning 2 s after the stimulus onset (also known as 

finite impulse response (FIR) method). The amplitudes for the first and last basis functions 

were assumed to be 0; therefore, there were effectively four basis functions. The flexibility 

of the tent basis function offers the advantage of more accurately fitting the time course of 

the BOLD response compared to the standard approach commonly used in fMRI 

investigations, in which the shape of the BOLD response is pre-specified, e.g., using a 

gamma variate function. The analysis at the individual subject level resulted in four effect 

estimates per word type that characterized the response shape associated with average RT, 

and another set of four effect estimates per word type that captured the trial-to-trial 

variability and indicated the RT-correlated effects. We analyzed the RT-correlated effects at 

the group level with a three-way ANOVA (3dMVM, Chen et al., 2013): one between-
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subjects factor (two levels: young and middle-aged), and two within-subjects factors, word 

type (two levels: pseudo and real) and time points for the RT-correlated effects (four levels). 

Multiple comparisons correction for family-wise errors was accomplished using Monte 

Carlo simulations through 3dClustSim, and all of the results presented below have a 

corrected p of 0.05 at the cluster level.

Results

Behavioral results

Independent measurement of the RTs by two investigators revealed excellent reliability (r = .

98). In a preliminary analysis, we used the conventional approach of comparing the mean 

values of RT for each combination of group and word type. Using a linear mixed-effects 

modeling approach, we found that there was no significant difference in the mean RT for the 

repetition of either real words or pseudowords by younger versus middle-aged participants, 

and the mean RT for both age groups was significantly shorter for repeating real words than 

repeating pseudowords (middle-aged: t(9) = 4.01, p = .003, two-tailed; younger: t(10) = 

2.98, p = .014, two-tailed; Fig. 1e).

There are good reasons for extending our analysis to include possible differences in the 

shape of the RT distributions, rather than limiting the analysis to only comparing measures 

of central tendency. First, the RT distribution often deviates from a Gaussian distribution, 

and the arithmetic mean can be biased by these deviations in the distribution. Second, the 

cognitive processes underlying a behavior such as speech are too complex to tease apart by a 

simple comparison of mean RTs, and many studies have provided evidence that the analysis 

of RT distributions has the potential to provide additional information regarding the 

cognitive and motor processes underlying complex behaviors (discussed in Balota and 

Spieler, 1999; Luce, 1986; Van Zandt, 2002). Therefore, we also analyzed the RT 

distributions to determine if we could obtain more insightful data for comparison with brain 

activation patterns during word repetition.

Analysis of the distributions of RTs revealed a very different view of the performance by 

middle-aged versus younger participants (Fig. 1). An ex-Gaussian function produced a 

significantly better fit than a Gaussian function for all four distributions (Likelihood Ratio 

test), indicating that all distributions were significantly skewed towards longer RTs. 

However, the RT distributions for the repetition of real words and pseudowords by middle-

aged participants (Figs. 1a,c) were much more skewed to longer RTs than the corresponding 

RT distributions for repetitions by younger participants (Figs. 1b,d). This age-dependent 

difference was evident in a significantly larger value of the τ parameter of the ex-Gaussian 

function (which corresponds to a longer right tail) for middle-aged participants repeating 

both real words (p < .0001) and pseudowords (p < .0001) (Fig. 1h). In contrast, the mean (μ) 

of the Gaussian component was significantly shorter for middle-aged participants repeating 

real words (p < .0001), but not pseudowords (Fig. 1f), demonstrating an age-by-word type 

interaction. The μ parameter was significantly longer for middle-aged subjects repeating 

pseudowords, compared to real words (p < .0001; Fig. 1f).
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The deconvolution of RT distributions into Gaussian and exponential components revealed 

differences between younger and middle-aged participants that were not evident in a 

comparison of the overall mean RTs. This discrepancy can be accounted for by the fact that 

the arithmetic mean of each distribution is equal to the sum of μ and τ. If two experimental 

groups have the same mean, but a different τ, then the change in μ must be equal in size but 

opposite in direction to the change in τ. Thus, the large increase in τ for middle-aged 

participants repeating both word types produced a corresponding decrease in μ for both word 

types. This accounts for the differences between the patterns of the overall mean values in 

Fig. 1e and the μ values in Fig. 1f. It is important to note that μ is a relatively unbiased 

estimator of the mean of the Gaussian component of the distribution, whereas the overall 

mean of the distribution can be strongly biased by the positive skew in the data.

fMRI results

The goal of the fMRI analysis was to identify regions of the brain in which the level of 

activity was correlated (either positively or negatively) with RT. Two primary findings from 

the analysis of the RT distributions, described above, led us to focus on particular aspects of 

the fMRI data analysis. The first finding from the analysis of the RT distribution was the 

interaction between age and word type for the μ parameter, in which the middle-aged 

participants were faster than younger participants for repeating real words, but not for 

repeating pseudowords. Analysis of the RT-correlated component identified by ANOVA 

resulted in a significant group by word type by time interaction (the two groups had 

significantly different shapes between the two word types) in the bilateral posterior 

cingulate, with a peak in the left hemisphere (Talairach = −14, 36, 36). Fig. 2a shows the 

area with significant RT-correlated activation, and Fig. 2b shows the time course of RT-

correlated activation for each age group and each word type for that area. It is important to 

note here that the plots shown in Fig. 2b (and later in Fig. 3b) are not hemodynamic 

response functions (HRFs) in the traditional sense. They are plots of the RT-correlated 

component of the HRF at each time point, which is a small portion of the total HRF. The 

largest difference between age groups for the repetition of real words was observed at 4 s 

after the stimulus onset. There was a large negative correlation between RT and activation 

for younger subjects (i.e., greater activation associated with shorter RTs), but RT and 

activation were not correlated in middle-aged subjects at 4 s after the stimulus onset. This 

large difference between age groups in the correlation between RT and activity was not 

observed at 4 s after the stimulus onset for the repetition of pseudowords. A negative 

correlation between RT and activation at early timepoints was also reported by Yarkoni et al 

(2009).

The second finding of interest from the analysis of RT distributions was the difference 

between young and middle-aged subjects with regard to the τ parameter, for which there was 

no significant difference between the repetition of real words and pseudowords for either 

group. Analysis of the RT-correlated component of the BOLD response identified two 

regions for which there was a group by time interaction (the two age groups differed 

significantly in correlation pattern across time, independent of word type), but not a group 

by word type by time interaction (the two groups were not significantly different in the RT-

correlation pattern between the two word types). These areas for the significant two-way 
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interaction effects were the bilateral supplementary motor area (SMA), with a peak in the 

right hemisphere (Talairach = 1, −9, 56) and the corpus callosum (CC; Talairach = −1, −14, 

24). Fig. 3a shows the regions with significant RT-correlated activation and Fig. 3b shows 

the corresponding time courses of RT-correlated activity for those regions. The overall 

correlation pattern across time is similar between SMA and CC. The largest difference 

between the time courses of the middle aged versus the younger participants was evident at 4 

s after the stimulus onset, at which point the younger participants had a large negative 

correlation, while the middle-aged participants had a moderate-sized positive correlation. 

Thus, 4 s after the stimulus onset was the time point at which the largest correlation effects 

of either age or word type were observed. This is roughly the time at which a BOLD 

response reaches its plateau.

Discussion

Our analysis of the RT distributions for the repetition of real words and pseudowords led to 

the identification of two significant effects of age. First, the mean (μ) parameter of the 

Gaussian component of the ex-Gaussian distribution was significantly shorter for middle-

aged participants repeating real words than for younger participants repeating real words, 

but there was no significant difference between the age groups for the repetition of 

pseudowords. A simple explanation for this interaction of age and word type is that it 

represents an effect of practice. The longer experience of middle-aged participants in 

producing real words shortened their response times, but this practice effect did not occur 

with pseudowords for which they had no experience. In contrast, we did not observe an 

effect of age on the repetition of real words when we compared mean RTs, which are biased 

towards longer values in middle-aged participants by the large positive skew in the 

distributions.

One might predict that because of increased expertise over more years of speaking, the older 

participants could be faster at producing both real words and pseudowords. However, they 

were faster (in terms of the μ parameter of the RT distribution) only at producing the real 

words. One reason for this might be the nature of the pseudowords. There are a variety of 

methods for creating pseudowords. In the past, we started with Turkish words, but produced 

them using American English consonants and vowels (Shuster, 2009). As in the current 

study, those Turkish-derived pseudowords were matched to the real American English words 

with regard to phonotactic probability and initial syllable frequency of occurrence. In the 

current study, we rearranged the syllables of the four syllable real American English words 

to create the pseudowords, again matching for phonotactic probability and initial syllable 

frequency of occurrence. An unanticipated consequence of this method was that some of the 

participants (both middle-aged and younger) occasionally did recognize some of the 

rearranged pseudowords, even before they had heard the real word (e.g., ‘gayluhadder,’/geIl 

æ /for ‘alligator’). Therefore, expertise may have hurt the older participants for these 

particular pseudowords, because it may have taken more effort for them to inhibit the real 

word counterpart, if it came to mind after hearing the stimulus, than it did for the younger 

speakers with fewer years of speaking experience.
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A second effect of age was the greater extent to which the distribution of RTs for repeating 

both real words and pseudowords was skewed to longer RTs (increased τ in the ex-Gaussian 

distribution) in the middle-aged participants than in the young participants. An increase in τ 
in the distributions of RTs has been observed with aging for other behavioral tasks 

(McAuley et al., 2006; Spieler et al., 1996).

We cannot attribute these effects of age and word type on μ and τ to changes in specific 

neural processes based on behavioral data alone. The ex-Gaussian function is often viewed 

as a model-independent function (e.g., Luce, 1986; Van Zandt, 2002), and the μ, σ, and τ 
parameters are not linked by theory to specific underlying neural processes. Some 

investigators have proposed a general interpretation in which the Gaussian component 

(defined by μ and σ) is thought to reflect a more automatic (non-analytic) component (with 

added noise) of a response, whereas the exponential component (defined by τ) might reflect 

a less automatic (analytic) cognitive processing component (e.g., working memory, 

attention) (Balota and Spieler, 1999; Heathcote et al., 1991; Hohle, 1965; Luce, 1986). This 

interpretation is based on evidence from a large variety of behavioral tasks designed to 

examine these putative relationships. However, discrepant results in some studies (e.g., 
Heathcote et al., 1991) have demonstrated that this simple correspondence between the 

components of the ex-Gaussian function and motor versus cognitive processes is not 

universal.

Although we cannot directly attribute the effects of age and word type on μ and τ to changes 

in specific neural processes, we can use these effects to guide our analysis of the fMRI data 

and potentially identify regions of the brain in which changes in activity are correlated with 

age- and word-type-dependent changes in RT. The RT-correlated component of the BOLD 

response is very small (a few percent signal change per second) compared to the RT-

independent component, so we used parametric modulation analysis to separate the RT-

correlated component of the BOLD responses, and it is within this RT-correlated component 

that we tested for effects of age and word type. This combined approach for analyzing RT 

distributions and fMRI data was, therefore, model independent, and it made no a priori 
assumptions about how μ and τ might be related to either motor function or cognitive 

processing.

Analysis of the fMRI data revealed that a significant interaction between age and word type 

was evident in the RT-correlated activity in the bilateral posterior cingulate. A recent review 

paper by Leech and Sharp (2013) reveals that the posterior cingulate plays an important role 

in cognition. Although its precise functions are not universally agreed upon, it has been 

proposed that it plays a role in arousal and awareness, as well as in attention (both internally 

and externally directed). Several studies have shown that normal aging brings about changes 

in both the connectivity and function of this region. However, the participants in these 

studies have been older than those in our study, and some studies have employed tasks, such 

as the n-back task, that would not tap into the expertise of the older participants (e.g., 
Prakash et al., 2012; Sambataro et al., 2010). Leech and Sharp proposed a model of posterior 

cingulate functioning and suggest that it is involved in the retrieval of episodic and semantic 

memories. Studies have shown that the posterior cingulate is involved in memory during 

communication (e.g., Awad et al., 2007; de Zubicaray et al., 2000). It is not surprising that 
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the memory network would be involved in the comprehension and production of speech, 

because communication is not learned and used in a vacuum, but in the context of everyday 

experience and, therefore, it is entwined in our episodic memories. Age-related changes with 

regard to the speed with which one can access memory stores could be either positive or 

negative. Years of practice in talking might lead to quicker access to these representations 

for the middle-aged participants, especially for such an easy task as repeating real words. 

Thus, the observation of a significant interaction between age and word type in both the μ 
parameter of the distribution of RTs, from which we inferred a practice effect (discussed 

above), and in the activity in the posterior cingulate region is intriguing. Yarkoni et al. 

(2009) predicted that “there should be a negative correlation between RT and the BOLD 

response in regions associated with deployment of task-related resources.” To the extent that 

activity in the posterior cingulate is required for accessing memory resources during speech, 

it is plausible that the more effortful requirements for younger, less-experienced speakers 

could produce a negative correlation between RT and the BOLD response, as predicted by 

Yarkoni et al., but the negative correlation would not be observed in mature adults who are 

more practiced in speaking and more efficient in accessing memory resources.

Analysis of the fMRI data also revealed a significant main effect of age on RT-correlated 

activity in the SMA and corpus callosum. The SMA plays a role in movement, including 

movement during speech, although its precise role is still not agreed upon (e.g., Alario et al., 

2006; Brown et al., 2009; Indefrey and Levelt, 2004). Activation in the SMA is almost 

always reported in functional imaging studies of speech production (e.g., Bohland and 

Guenther, 2006; Riecker et al., 2008; Shuster, 2009; Shuster and Lemieux, 2005). Moreover, 

lesions to either the right or left SMA result in various problems with speech production, 

such as an inability to initiate spontaneous speech (Krainik et al., 2004); thus, it is not 

surprising that activity in SMA would be correlated with RT. The pattern of RT correlation 

shown in Fig. 3b reveals a negative correlation between the BOLD and RT at 4 s for the Y 

participants, and a similar negative correlation between BOLD and RT at 8 s for the MA 

participants. This suggests that the MA participants were slower to deploy motor resources 

to the task than were the Y participants. This is consistent with previous findings suggesting 

that psychomotor slowing occurs with age. A role of the SMA in the initiation of speech is 

particularly interesting because age produced a significant increase in the τ parameter of the 

distribution of RTs, in addition to affecting activity in the SMA. The increase in τ was 

identical for the repetition of real words and pseudowords, indicating that the neural 

mechanism underlying the increase in τ with age is likely to be common to the repetition of 

both word types. An important feature of this neural mechanism is that it is associated with 

delays in the onset of word repetition that are exponentially distributed (as evident in the 

positive skew of the RTs), rather than delays that are normally distributed around a mean 

response time. This condition could be met easily if the exponential distribution of response 

latencies results from time-invariant random variability in the latency to the initiation of 

speech (i.e., the response latencies correspond to waiting times in a Markov process). 

Further study will be required to determine if age-dependent changes in the influence of the 

SMA on speech initiation could produce an increase in response latencies that are 

exponentially distributed.
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Our finding of RT-correlated activity in the CC is consistent with a report by Yarkoni et al. 

(2009), who found that both gray and white matter showed RT-correlated variability. 

Reliable activation in white matter (including corpus callosum) has been demonstrated in a 

variety of additional studies (Chow et al., 2007; Fraser et al., 2012; Gawryluk et al., 2009; 

Mazerolle et al., 2008, 2010; Tettamanti et al., 2002; Weber et al., 2005). The area of 

activation in our study, in the posterior body/isthmus of the CC, is in a similar location to 

that reported by Mazerolle and colleagues. Using electroencephalography, Wohlert (1993) 

investigated the readiness potential (RP) generated prior to two oral motor movement tasks 

and one speech task. She found that the RP prior to the speech task (which required the 

greatest number of sequenced muscle elements) was the largest. Moreover, of the three 

recording sites, right side, left side and vertex, the RP was largest over the vertex. She 

suggested that this reflected the activation of the bilateral SMA, most likely as a result of 

extensive transcallosal connections. Thus, the pattern of RT-correlated brain activation that 

we observed could reflect a portion of the speech network involving the bilateral SMA and 

its reciprocal connections. However, there are other possible reasons for observing 

“activation” in white matter, including smoothing with gray matter and pulsatile artifacts. 

Therefore, we must be cautious in interpreting our finding of activation in CC.

It is unlikely that the patterns of brain activation we observed in the study were due to 

stimulus-correlated movement. First, it was difficult for participants to move their heads 

because the ear muffs fit so snugly into the head coil. Second, we placed a piece of tape 

across their heads to help them monitor for head movement. Third, we used the output from 

the motion correction as regressors of no interest in the regression analysis. Fourth, the time 

points during which the speaking occurred were not included in the regression analysis. 

Fifth, examination of the movement parameters that are output from the AFNI motion 

correction program (3dvolreg) did not reveal excessive head movement (see supplementary 

information). Sixth, we used a spiral in/out pulse sequence, which has been shown to be less 

sensitive to motion than other pulse sequences (e.g., Glover and Lee, 1995). Lastly, at the 

group level, we compared the analysis of the data from the six effect estimates per word type 

that characterized the response shape associated with average RT (the effect estimates that 

were not RT correlated) with the effect estimates from the non-speech control condition. 

This analysis revealed significant activation in the speech network in the speaking as 

compared to the non-speaking condition, showing that our experimental paradigm was 

robust. These data and a graph of the movement parameters are presented in the 

supplementary information.

We did not observe a slowing in the average speed to repeat real words by the middle-aged 

participants as compared to the young adults, which is inconsistent with the findings of 

previous investigations that revealed motor slowing with age (Fozo and Watson, 1998; 

Mattay et al., 2002; Rodríguez-Aranda and Jakobsen, 2011). One reason might be that our 

middle-aged participants were younger. Another reason might be differences in the 

experimental tasks that were used. For example, Fozo and Watson used a light cue to prompt 

participants to respond with the same word or short sentence. In our task, auditory 

presentation of the word to be repeated may have primed the response, leading to slightly 

faster average RTs for the middle-aged speakers for the real words.
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In our description of the fMRI data, we noted that 4 s after the stimulus onset was the time 

point at which the largest effects of either age or word type were observed. We acknowledge 

that at the temporal resolution of fMRI, we cannot clearly determine which component of 

the response can be attributed to the perception of the stimulus and which can be attributed 

to the repetition because these events occur on a scale of milliseconds. It is well-established 

in the speech perception literature that listeners frequently can recognize words before they 

hear the entire word, and some of the participants did initiate responses prior to the end of 

the stimulus.

Conclusions

We have demonstrated that our novel approach of using information obtained from the 

analysis of RT distributions to guide the analysis and interpretation of RT-correlated 

variability in patterns of brain activation has great potential. This approach has allowed us to 

associate specific mechanisms that underlie speech (memory and motor processing) with 

activity in different brain regions. In particular, our approach has provided an opportunity to 

hypothesize two relationships relevant to word repetition: (1) an association between RT-

correlated activity in the posterior cingulate gyrus and a practice effect for the repetition of 

real words, and (2) an age-dependent increase in the variability of RT (an increase in τ) 

related to RT-correlated activity in the SMA. Rigorous testing of these hypotheses will 

require further study with an increased number of stimuli and different manipulations of the 

repetition task, with the potential of providing greater insight into the roles of different brain 

regions in specific aspects of speaking. Finally, our results demonstrate that the common 

practice in fMRI analysis of using RT simply as a regressor of no interest or even a nuisance 

variable could lead to the loss of valuable insight that can be otherwise gained by the 

alternate approach of exploring RT-correlated activity in the brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Distributions of RTs grouped by age and type of word. (a, b, c, d). The histograms were 

calculated with a bin width of 40 ms. The solid curve is the best fit of an ex-Gauss function, 

and the dotted curve is the best fit of a Gaussian function. (e) Mean RTs calculated by age 

and type of word. (f, g, h). Best-fit estimates of the parameters μ, σ, and τ for the ex-Gauss 

function fitted to the RT distributions shown in panels a–d. Each error bar is an estimate of 

the standard error of the parameter value, calculated from the Hessian matrix in QMPE/

CML. Significant differences (Likelihood Ratio test, p < .0001) are marked by a bracket and 

asterisk.
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Fig. 2. 
Brain activation associated with word type by age by time interaction. (a) Activation in 

posterior cingulate. The color bar codes for the F values. (b) Estimated time courses of the 

RT-correlated signal for the repetition of pseudowords (upper panel) and real words (lower 

panel) for each age group.
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Fig. 3. 
Brain activation associated with age by time interaction. (a) Activation in SMA and corpus 

callosum. The color bar codes for the F values. (b) Estimated time courses of the RT-

correlated signal for each age group for SMA (upper panel) and corpus callosum (lower 

panel). The responses to real words and pseudowords were combined within each age group 

for this analysis.
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