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Introduction 

In the interest of understanding the nature of human communication, the relationship 

between speech production and cognitive load has long been speculated. Daily living requires 

high levels of performance under compromised environments that are characterized by 

competing attention-demanding stimuli; however, such situations are difficult to approximate 

under laboratory conditions with controlled variables. Previous laboratory experiments 

demonstrate that our performance on speech production, independent of any pathology, can be 

hindered by multitasking situations (Bailey & Dromey, 2015; Lively, Pisoni, Summers & 

Bernacki, 1993). Although these studies show evidence of altered speech production under 

cognitive stress, the inconsistency of acoustic parameters across studies is indicative of 

interpersonal variability and warrants further investigation (Lively, et al., 1993). A better 

understanding of these effects will provide greater insight on the way speech is produced, and the 

advancement of this knowledge may have important implications for clinicians treating 

individuals with speech disorders. A more holistic approach to therapy that considers 

multitasking effects on the speech system may help patients implement the skills they learned in 

therapy more successfully. Thus, these preliminary findings may potentially help with 

progression towards more efficient therapeutic interventions. 

 In order to better understand the production of spoken language, researchers turned to the 

neural bases of human communication for clarity. Lieberman (2001) and his evolutionary theory 

on human communication suggests mental operations, such as language, have evolved through 

natural selection to be organized in a favorable way for humans to be able to quickly access 

information. He challenged that these operations are not grouped in modules like most other 

theories suggest, but rather are interconnected with other features of cognition, motor control, 
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and emotion. Lieberman makes a case for this network of neural systems by using evidence from 

neurophysiological studies of other species that clearly show a neural circuitry linking cortical 

and subcortical areas involved in cognition, to cortical areas involved in motor control. 

Lieberman’s (2001) work supports the notion that there is an existing and interactive relationship 

between speech motor control and cognitive processes. Modular theories of the speech 

production system were critiqued as neuropsychology gave way to evidence supporting the idea 

that speech motor processes cannot be differentiated from cognitive processes (Kent, 2004). 

Thus, we can deduce from these studies that there is an interactive link between the speech motor 

and cognitive systems.  

 Activities of daily living require most people to function efficiently while engaging in 

multiple activities, such as speaking and listening while walking or driving. As Dromey and 

Benson (2003) point out, speech requires smooth coordination between the demands of message 

formulation and sound production, and is usually done while performing activities of daily 

living, frequently making speech a type of divided attention task. Humans vary cognitive effort 

to match attentional demands up to the point that they reach the limit of their attentional resource 

capacity; additional attention demands past this point may create performance breakdowns 

known as interference (Crystal, 1987). Several theories attempt to explain divided attention tasks 

and their measurable effects on performance; however, multiple attentional resource theories 

appear to better explain the allocation of resources among differing processes.  

 It’s important to note that in dual-task paradigms, the locus of interference varies 

according to the type of cognitive processes involved—suggesting cognitive load is a multi-

dimensional construct, better explained by a multiple attentional resource model (Navon & 

Gopher, 1979). Bailey and Dromey (2015) studied the bidirectional interference between speech 
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and three non-speech tasks. They found that linguistic, cognitive, and manual motor tasks affect 

speech kinematic measures differently, with linguistic and cognitive tasks causing greater 

interference on the stability of speech movements. In conjunction with the multiple processors 

theory, Wickens (2008) additionally specified four individual dimensions that correspond to 

different task types, and claimed these dimensions have neurophysiological plausibility, in that 

they correspond to the cortical and subcortical areas associated with the said activity. Wickens’ 

(2008) model indicates we can predict the amount of interference between tasks on the basis of 

the tasks’ relative proximities on some dimension. In simpler terms, he stated that when two 

tasks are positioned far apart on the dimensions, there will be less interference than if the tasks 

are positioned more closely along the same dimension.  

 The central focus of human communication is to exchange information efficiently. This is 

especially true when confronted with environmental challenges. Lieberman (2000) postulated a 

functional neural system within humans that integrates sensory information with stored 

knowledge to generate quick responses to environmental challenges. Lieberman’s Darwinian 

approach indicates that modifications in motor activity in response to sensory information are 

made to enhance biological fitness. Consistent with this perspective, Lindblom’s (1990) 

hypospeech and hyperspeech model (H&H model) maintains that speech is adjusted in order to 

meet the demands of the environment and thus increase intelligibility. He suggested that speakers 

balance the demands placed on the speech articulators with the need to communicate effectively 

relative to situation they find themselves in. It is safe to assume then, that because typical 

communication doesn’t always occur in optimal conditions, speakers must perform this 

balancing act to account for the attention-demanding environmental distractors. Lindblom (1990) 

suggests that when demands on the output-oriented control are high, then demands on the 
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system-oriented control are also high. More precisely, he posits that when discriminability needs 

to be maximized due to the communicative setting, the demands placed on the articulators are 

high. Speech produced in this context is known as hyperspeech, characterized by the plasticity of 

the articulators. Hypospeech then, represents speech produced in optimal environments, where 

output constraints are low and thus the demands on system control are also low.  

 Lively, et al. (1993) tested the assumptions made by the H&H model using cognitive 

workload as the varying factor and as hypothesized, found that talkers produced shorter 

utterances with higher amplitude, more amplitude variability and flatter spectra under cognitive 

workload. They also confirmed that vowel tokens produced under higher cognitive workload 

were more intelligible than tokens produced under no workload for some speakers. However, 

due to the large inter-subject variability, they concluded speech modification in response to 

cognitive workload might be talker-specific. The idiosyncratic adaptation trend observed in 

response to workload has been the pestering problem for several researchers analyzing speech as 

a function of cognitive workload—stable changes across studies have been quite difficult to find. 

The low external validity of these studies leads us to believe that we should focus on different 

aspects of speech to show the cognitive effects on the speech system.  

 Results from previous studies that have included acoustic measures of voice under 

workload indicate a wide variety of results, including inconclusive outcomes for changes in 

sound pressure level (Dromey & Shim, 2008; MacPherson, Abur & Stepp, 2017), fundamental 

frequency of voice (Huttunen, Keranen, Paakkonen, Eskelinen-Ronka & Leino, 2011; Lively, et 

al., 1993; Mac Pherson, et al., 2017; Mendoza & Carballo, 1998; Van Lierde, Van Heule & De 

Ley, 2008) and vowel durations (Caruso, Chodzko-Zajko, Bidinger & Sommers, 1994; Huttunen, 

et al., 2011; Lively, et al., 1993). Other results show increase in jitter and shimmer (Mendoza & 
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Carballo, 1998), decrease in nonharmonic noise (Mendoza & Carballo, 1998), and increase in 

higher frequency energy with decreased spectral tilt (Lively, et. al., 1993; Mendoza & Carballo, 

1998). Studies also show the stability of the speech motor system is adversely affected from 

increases in cognitive load. Two speech patterns that tend to occur are an increase in 

spatiotemporal variability in labial kinematics (Bailey & Dromey, 2015; Dromey & Shim, 2008) 

and vowel centralization (Huttunen, et al., 2011). For speaking rate, Caruso, et al. (1994) found 

that speakers under levels of high stress produced longer word and vowel durations, although it 

should be noted they did not measure entire utterance durations. They also found that speakers 

took longer to move their speech articulators farther during consonant-vowel transitions 

(transition extent and duration), which confirms Huttunen, et al.’s (2011) findings that show 

significantly slower articulation rates. These latter authors also reported that their participants 

exhibited vowel centralization with increased cognitive load. In contrast, Lively, et al. (1993) did 

not find significant changes in formant frequencies that would be indicative of vowel 

centralization.  

Differences in the procedures used for several of the studies may be responsible for these 

conflicting findings and limit the ability to generalize across studies. For example, the type of 

divided attention task used for some studies varied in terms of where they lie on Wickens’ 

dimensions. Dromey and colleagues used not only cognitive tasks to represent cognitive load, 

but also linguistic and manual motor tasks as type of distractor tasks in several studies to obtain 

their results (Dromey & Bates, 2005; Dromey & Benson, 2003; Dromey & Shim, 2008). The 

task differences are problematic when making generalizations because each one exerts sensitive 

and differing influences on speech production, as previously discussed. The interaction between 
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cognitive stress and vocal parameters vary widely among individuals and task types, and in 

addition to these influences there are other determining factors that warrant consideration. 

 The level of cognitive load seems to also be an important influencing factor. A test that 

has been previously used to demonstrate cognitive load effects is the Stroop task (Stroop, 1935). 

A typical Stroop test displays color-words (e.g., “blue” or “pink”)—or a sentence containing 

color-words—that are either semantically congruent or incongruent with their displayed font 

color. In the incongruent condition, subjects are urged to suppress lexical interference and 

instead name the color of the font; in this condition, the inhibition of interference coupled with 

the speech output task serves as a laboratory simulation of concurrent cognitive workload during 

speech production. The level of cognitive load that is induced can be manipulated by the Stroop 

paradigm in a few ways. The experimenter can manipulate the percentage of incongruent color-

words in the given utterance to categorize levels of low, medium, or high cognitive load. The 

experimenter can also add a time constraint to induce an even higher level of cognitive load. 

Caruso, et al. (1994) defined cognitive stress plus speed stress as the highest level of cognitive 

workload when they analyzed the effects three cognitive stress levels had on speech production 

via the Stroop task. Temporal disruptions of speech, instead of spatial impairments, were greatest 

in this condition. The various levels of cognitive workload then, may in part account for the large 

variability we see across studies. Furthermore, it appears that the temporal aspect of the acoustic 

signal may reveal the effects of high cognitive load.  

 Another contributing factor to consider is the age of the participants. It is widely known 

that with aging, performance on a large amount of cognitive tasks declines (Craik & Salthouse, 

2000). Other studies show evidence that healthy, older adults are less consistent in their 

spatiotemporal coordination and have slower speech rates (Liss, Weismer, & Rosenbek, 1990; 
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Weismer & Liss, 1991; Wohlert & Smith, 1998). Given this information and knowledge that 

speech production of normal speaking adults is indeed taxed by divided attention tasks, there is 

sufficient reason to believe older adults are at an even greater disadvantage when analyzing the 

effects cognitive load has on speech.  

 A meta-analysis done on aging and dual-task performance revealed that the speed of 

mental processing, as opposed to accuracy, declines with age (Verhaeghen, Steitz, Sliwinski & 

Cerella, 2003). This means that under dual-task conditions, we expect significant age-related 

deficits quantified by latency costs. Since the degree to which speech is affected also depends on 

the task type and level of cognitive workload, the latency cost in older adults applied specifically 

to a Stroop paradigm is of special interest. Such latency changes most likely will manifest in the 

temporal aspects of the speech acoustic signal. 

 Although Verhaeghen, et al. (2003) continued to solely attribute the age-related 

differences seen in Stroop interference to general mental slowing with age, a more differentiated 

analysis revealed that age-related changes in Stroop effects are also in part due to deterioration of 

sensory factors, specifically color vision, with age (Ben-David & Schneider, 2009; Verhaeghen 

& De Meersman, 1998). Ben-David and Schneider suggest the dimensional imbalance between 

accessing the font color and accessing the lexicon of a word are partly responsible for the age-

related changes in responses to Stroop paradigms.  

Previous studies found that older adults generally use longer phoneme durations for both 

vowels and consonants when they speak (Liss, Weismer & Rosenbek, 1990; Morris & Brown, 

1987; Smith, Wasowicz, & Preston, 1987). However, the mean phoneme durations reported in 

these studies occurred within the range of normal variability for young adults (Liss et al., 1990; 
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Morris & Brown, 1987). In contrast, the F2 transition durations and frequency extents of older 

adults have been reported to be smaller than those of younger adults (Slawinski, 1994). 

Purpose 

Clearly there are several factors that could be contributing to the high variance in results 

and should be considered when interpreting the data of these studies. Therefore, the purpose of 

the current study is to evaluate the effects of aging and cognitive load on speech production. We 

postulate the changes in speech production will be revealed in a group of temporal and frequency 

measures observed during consonant-to-vowel transitions. Previous results indicate that 

measures such as second formant (F2) transition time should be affected by both cognitive load 

and by age related differences in speech production (Ben-David & Schneider, 2009; Caruso, et 

al., 1994; Liss et al., 1990; MacPherson, et al., 2017; Slawinski, 1994; Weismer & Liss, 1991; 

Wohlert & Smith, 1998). Given these previous results, the following hypotheses were made:  

First, the older participants would have longer consonant and vowel durations for the low 

cognitive load than the younger participants. Second, the differences between the two groups 

will become greater in the high cognitive load condition. Third, the F2 transitions will be shorter 

for the older participants and they will have smaller frequency extents. The temporal and 

frequency measures of the F2 transitions will be larger under the high cognitive load condition 

for both age groups of participants.  

Method 

Participants 

Participants were 8 healthy individuals with no history of communicative or cognitive 

disorders. In addition, participants exhibited age-appropriate cognitive-linguistic abilities and 

normal color vision. The data collected from these participants is part of a larger study 
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(MacPherson et al., 2017). For the previous study by MacPherson et al. (2017), they were 

grouped into two separate age groups that differed by at least 36 years of age; four younger 

adults were aged 22-32 years, and four older adults were aged 68-78 years. Comprehensive 

inclusionary and exclusionary screenings were administered to control for variables known to 

influence cognitive, linguistic, and speech functions.  

 To be included in MacPherson et al.’s (in press) study, participants were assessed with 

the Ishihara Color Blindness Test to signify normal color vision. To account for additional 

differences associated with speech production, all participants were native speakers of North 

American English. Participants’ cognitive and language skills were assessed via the Cognitive 

Linguistic Quick Test (Helm-Estabrooks, 2001) and participant’s reading abilities were assessed 

via the Word Identification and Passage Comprehension subsets of the Woodcock Reading 

Mastery Tests-Revised (Woodcock, 1998) to verify they were at an eighth-grade reading level. 

Additionally, all participants read aloud utterances with varying semantic and syntactic 

properties with at least 80% accuracy using the Sentence Reading subtest of the Psycholinguistic 

Assessment of Language Processing in Aphasia (Kay, et al., 1992). 

 MacPherson et al. (in press) excluded subjects if they were taking medication that 

influences motor and, or cognitive functioning. Subjects were excluded if they smoked within 

the 5 years leading up to the study. If participants reported pregnancies/nursing, depression, 

anxiety or any other psychiatric or psychological disorders, uncontrolled high/low blood 

pressure, pre-diabetes or metabolic syndromes, diagnosed sleep disorders within the 6 months 

leading up to the study, they were excluded (Cencetti, Lagi & Cipriani, 1999; Dawson, Schell & 

Braaten, 1985; Fu & Levine, 2009; Leung, 2009; Soares-Miranda, Sandercock & Vale, 2012; 

Tentolouris, Argyrakopoulo & Katsilambros, 2008). Lastly, participants refrained from 
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consuming alcohol, caffeine, large meals, vigorous physical activity and stressful events for at 

least 3 hours prior to their participation (Kleinow & Smith, 2006).  

Recording Equipment 

Acoustic signals were transduced with a Countryman E6i omnidirectional ear set 

microphone (Countryman Associates, Inc., Menlo Park, CA) at a 6-cm mouth-to-microphone 

distance and 90-degree mouth-to-microphone angle and recorded with a Marantz PMD670 solid 

state recorder (D&M Professional, Itasca, IL) at a 44.1 kHz sampling rate (MacPherson, et al. in 

press). 

Recording Procedure  

For the study by MacPerson et al. (2017), the subjects sat in front of a computer screen 

that presented the stimuli. The examiner positioned the microphone for the subjects, and then 

explained the experimental task and model. Subjects began the experimental task after they 

demonstrated a concrete understanding of the exercise during practice rounds. The experimental 

task involved a sentence-level Stroop paradigm, where cognitive workload was controlled 

through congruent (font color matched color-word) and incongruent (font color differed from 

color-word) conditions (Stroop, 1935). To decrease the likelihood of habituation, distractor tasks 

and breaks were administered at regular intervals throughout the experiment.  

  One sentence was selected from the four used in the initial experiment (MacPherson, et 

al., 2017): Pammy and Bobby picked blue, pink, red, and brown poppies with their mommy. The 

sentence has a 4.9 Flesch-Kincaid grade level and a Flesch Reading Ease score of 83, indicating 

a fourth grade reading level (Flesch, 1948; Kincaid, et al., 1975). 

 The Stroop task was embedded in the four color-words grouped in the middle of the 

sentence; however, the word “and,” was consistently displayed in black font. The sentence was 
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displayed an equal number of times in the low (congruent) and high (incongruent) cognitive load 

conditions. For the congruent condition, font color matched the semantic meaning of the word. 

Conversely for the incongruent condition, font color and semantic meaning of the word did not 

match. For all conditions, subjects were instructed to say out loud the font color of the color-

words instead of reading the graphemes of the words. For the incongruent conditions, the color-

words and the font colors were varied pseudorandomly, however “pink” and “red” font colors 

and colors-words never matched (MacPherson, et al. 2017). 

 To further reduce possible habituation and the subject’s ability to predict font colors in 

the stimuli sentences, foil sentences and additional sentences with similar construct were 

administered throughout the experiment. Except for the arrangement of color-words in the 

Stroop task segment, the foil sentences were identical to the target sentences. As with the stimuli 

sentences, both foil and additional sentences were presented in congruent and incongruent 

conditions (MacPherson, et al., 2017).  

 Prior to starting the experimental task, the experimenter confirmed subjects’ abilities to 

accurately identify the font colors used in the cognitive load conditions and read the text 

displayed on the computer monitor. The experimenter first modeled the production of the two 

stimuli sentences (both presented in black font color), then modeled a practice sentence in both 

cognitive load conditions. Following the experimenter, subjects completed two practice 

sentences in both conditions. During the experimental task, subjects produced repetitions of the 

sentence stimuli at their normal speaking rate and intensity. The stimuli were typed in Arial 48-

point type and displayed on a 20-inch computer monitor that was placed at a distance of 5-feet 

from the subjects (MacPherson, et al., 2017).  
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 All target, foil and additional sentences from the MacPherson study were presented in 

sets of four blocks, with each block containing four sentences. Of the four blocks in a set, two of 

the blocks were congruent (low cognitive load) and two were incongruent (high cognitive load). 

The target sentence appeared once in both conditions per set. The order in which both cognitive 

load conditions appeared in the set was also pseudorandomized. The target sentence was always 

either the first or second sentence to appear in a block. In between blocks, subjects were granted 

30-second rest periods and within a block, subjects were given an 8-second rest period after each 

sentence production. During these rest periods, subjects were instructed to fixate their vision on 

crosses displayed on the computer monitor. Between the sets, subjects took short breaks during 

which they were allowed to move and talk to the facilitators. Once every other break, subjects 

completed a 30-second picture description task to decrease monotony. The entire experiment 

took around one hour for each subject to complete (MacPherson, et al., 2017).  

Each participant produced the target sentence 16 times, 8 productions in both cognitive-

load conditions. Thus, for the current study, 128 sentence productions were analyzed from the 8 

selected speakers. 

Acoustic Measures 

The target sentence was organized into a pre-Stroop sentence segment, Stroop-segment 

and post-Stroop sentence segment for the analysis. Thus, one word per segment was analyzed: 

‘Pammy’ (pre-Stroop), ‘pink’ (Stroop segment) and ‘poppies’ (post-Stroop). The compositions 

of the initial-syllable of these words were consistent across segments, such that all words 

had initial-position plosives. Thus, the current study analyzed the initial consonant-vowel 

syllables of these three words for all productions, using the proposed temporal and frequency 

measures.  
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The spectral content of the syllables was analyzed using PRAAT (Praat 6.0.25_win64) 

acoustic software.  The phonetic boundaries and reference frequencies were visually established 

and plotted by a trained member of the acoustic lab at the Florida State University. The 

consonant duration of the C-V syllable was determined by measuring time (ms) from the onset of 

noise to the onset of clear second formant (F2) energy in the signal, as indicated by the vertical 

striations in the spectrogram signal and the increased periodic amplitude in the waveform. The 

vowel duration of the C-V syllable was determined by measuring time (ms) from the onset of the 

clear F2 energy to its offset.  

Once these phonetic boundaries were established, the reference frequencies for the first 

formant (F1) and F2 of the vowels could be determined. The F1 frequency was expected to have 

small variation over the production of the vowel, so its reference frequency was plotted at the 

vowel’s midpoint. The F2 reference frequencies were attained according to the set of criteria 

reported by Sussman, Hoemeke & McCaffrey (1992): the F2 onset frequency was plotted at the 

onset of the first glottal pulse of the vowel, and the F2 stable frequency, or the vowel’s steady-

state, was selected on the basis of the F2 pattern. If the F2 pattern was diagonally rising or 

falling, then the onset and stable F2 frequencies were determined by the extent of the rise or fall; 

if the F2 pattern was U-shaped or its inverse, then the stable F2 frequency was plotted at the low 

or high point of curve.  

The F2 reference frequencies were used to determine the frequency extent, or the 

frequency digression from the vowel onset to its steady state, of the vowel space that the 

speakers used. The frequency extent of the F2 transition was determined by obtaining the 

differences between the F2-onset and F2-stable frequencies. The F2 transitions were measured 

using a locus equation technique (Iskarous, Fowler & Whalen, 2010; Montgomery, Reed, Crass, 
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Hubbard & Stith, 2014; Sussman, Hoemeke & McCaffrey, 1992). Lindblom (2012) defined 

locus equations as linear regressions of the frequency of the F2 transition, sampled at its onset 

and on the frequency of F2 when measured in the vowel nucleus. The locus equation technique 

has been shown to be a robust method for measuring the slope of the F2 transition (Montgomery, 

et al., 2014).  

Statistical Analysis 

 The two independent between-subject variables of the study included: (1) the age and (2) 

sex of the participants. The three independent within-subject variables of the study included: (1) 

the level of cognitive load, as indicated by the congruent (low cognitive load) and incongruent 

(high cognitive load) Stroop conditions; (2) the order that the target sentence appeared in a block 

(first or second to appear); (3) the position of the measured word within the sentence, as 

indicated by the segment of the sentence said word belonged to (pre-Stroop segment, Stroop-

segment and post-Stroop segment). The position of the word was before the color words segment 

(Pammy), at the color words segment (pink), and after the color words segment (poppies). The 

dependent variables were (1) consonant duration, (2) vowel duration, (3) frequency extent of F2 

transition, (4) duration of F2 transition, and (5) slope of F2 transition. 

The data were analyzed using the repeated measures analysis of variance (ANOVA) 

routines in the SPSS statistical analysis program (IBM SPSS Statistics 23). These analyses 

included a multivariate ANOVA, a repeated measures ANOVA for within subject effects, and a 

repeated measures ANOVA for between subject effects. Partial eta squared (η
2

p) values were 

used to determine the effect size of all significant main and interaction effects. Finally, the 

Mauchly test of sphericity was used to assess the variance between within subject pairs.  

Results 
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 Significant main and interaction effects were found for all five of the dependent 

variables. The analyses indicated similar, but differing results across the dependent variable 

analyses.  

Consonant Duration 

 The greatest differences in the consonant durations occurred for the position of the words 

in the sentence, with all speakers having longer consonant durations for words at the beginning 

of the sentence (85.3 ms) relative to the Stroop segment (77.4 ms) and post-Stroop segment (71.8 

ms) (Figure 1). Figure 1 also shows that the order in which the target sentence appeared in the 

block of four sentences affected the consonant duration, with longer pre-Stroop segment 

consonant durations in the first sentence (90.8 ms) of a block than in the second sentence (79.9 

ms). In addition, the older females (80.1 ms) used longer consonant durations than the younger 

females (66.2), and the older males (73.2 ms) used shorter consonant durations than the younger 

males (93.2 ms) (Figure 2). 

 
FIGURE 1. Consonant duration as a function of word position in the sentence. 
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FIGURE 2. Consonant duration as a function of the age and sex of the participants.  

 

The statistical analyses revealed significant main effects and interactions in all three 

analyses. Pillai’s trace multivariate analysis of the consonant duration indicated a significant 

word-position by sentence-order interaction (F(2,3)=11.859, p<.05, η
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p=.888). Similar to the 

multivariate ANOVA, the repeated measures ANOVA for within-subject effects indicated a 

significant interaction between the word-position and the sentence-order (F(2,8)=7.368, p<.05, 

η
2

p=.648). There also was a main effect for the position of word in the sentence (F(2,8)=5.348, 

p<.05, η
2

p=.572). Finally, the between-subjects ANOVA revealed a significant sex by age 

interaction for the consonant duration (F(1,4)=26.333, p<.05, η
2

p=.868) as well as a significant 

main effect for the sex of the participant (F(1,4)=9.371, p<.05, η
2

p=.701).  

Vowel Duration  

Similar to the consonant duration, the position of the word in the sentence was an 

important factor in the vowel duration, with all speakers exhibiting longer vowel durations at the 

Stroop segment of the sentence (120.3 ms), relative to the pre-Stroop segment of the sentence 

(117.3 ms) and the post-Stroop segment (92.4 ms) (Figure 3).  As can be seen in Figure 3, the 

difference between the pre-Stroop segment (118.5 ms) and Stroop segment (124.9 ms) was 

greatest during the increased cognitive load of the incongruent condition. Figure 3 further 

displays that this effect occurred when the incongruent sentence was first in the block (126.3 ms 
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for Stroop segment, 116.6 ms for pre-Stroop segment, and 91.2 ms for post-Stroop segment) as 

opposed to second (123.5 ms for Stroop segment, 120.5 ms for pre- Stroop segment, and 91.0 ms 

for post- Stroop segment).  

In addition, an age by sex interaction occurred across the cognitive load conditions and 

the word positions in the sentence (Figure 4). The older women exhibited greater increases in 

vowel duration for the color-word in the Stroop segment when cognitive load was increased in 

the incongruent condition (157.4 ms vs 134.3 ms) than any other age by sex by word position by 

cognitive load pairing. Finally, older participants exhibited longer vowel durations in the pre-

Stroop segments when cognitive load was higher in the incongruent condition and the sentence 

was second in the block (140.8 ms) as opposed to first (131.1 ms) (Figure 5). 

 

 

FIGURE 3. Vowel duration as a function of position of the word in the utterance, the cognitive load condition, and 

the sentence of the word in the block. 

 

0

20

40

60

80

100

120

140

First Second First Second

Congruent Congruent Incongruent Incongruent

D
u

ra
ti
o

n
 i
n

 m
s

Pre Color Post



18 

 

 

 

FIGURE 4. Vowel duration as a function of position of the word in the utterance, the cognitive load condition, and 

the age and sex of the participants. 

 

 

FIGURE 5. Vowel duration as a function of the position of the word in the utterance, the cognitive load condition, 

the order of the sentence in the block, and the age of the participants. 

 

The statistical analyses demonstrated the strengths of these differences. Both the 

multivariate (F(2,3)=33.024, p<.05,η
2

p=.927) and repeated measure within-subject ANOVA 

0

20

40

60

80

100

120

140

160

180

Old Old Young Young Old Old Young Young

Female Female Female Female Male Male Male Male

Congruent Incongruent Congruent Incongruent Congruent Incongruent Congruent Incongruent

D
u

ra
ti
o

n
 i
n

 m
s

Pre

Color

Post

0

20

40

60

80

100

120

140

160

Old Old Young Young Old Old Young Young

First First First First Second Second Second Second

Congruent Incongruent Congruent Incongruent Congruent Incongruent Congruent Incongruent

D
u

ra
ti
o

n
 i
n

 m
s

Pre

Color

Post



19 

 

 

(F(2,8)=11.919, p<.05,η
2

p=.724) revealed a significant main effect for the position of the word in 

the sentence and an interaction of the cognitive-load condition, sentence order, age, and sex 

(F(1,4)=9.512, p<.05,η
2

p=.704) (F(2,3)=15.143, p<.05,η
2

p=.910). In addition, the repeated 

measure within-subject ANOVA indicated interactions between the cognitive-load condition and 

the position of the word in the sentence (F(2,8)=8.583, p<.05,η
2

p=.682), among the cognitive-

load condition, sentence order, and word position (F(2,8)=4.569, p<.05,η
2

p=.533), and among the 

cognitive-load condition, sentence order, word position, participant age (F(2,8)=10.275, 

p<.05,η
2

p=.720). The between-subject ANOVA revealed no significant main or interaction 

effects.  

Frequency extent of F2 transition 

 Again, the position of the word in the utterance had a strong effect on the frequency 

extent of the F2 transition. Since the three words all had different vowels, the extent of the 

frequency shift was recorded as an absolute value. The extent of the F2 transition for the position 

of the word in the utterance was affected by the level of cognitive load of the utterance and the 

age of the participant. The older participants had wider F2 transitions for both congruent (196 

Hz) and incongruent (214 Hz) conditions of the Stroop segment than did the younger participants 

(67 Hz and 77 Hz) (Figure 6). The same trend occurred for both congruent (67 Hz older, 26 Hz 

younger) and incongruent (66 Hz older, 41 Hz younger) conditions of the post-Stroop segment of 

the sentence.  
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FIGURE 6. Frequency extent of the F2 transition as a function of the age of the participants, cognitive load, and 

position of the word in the sentence. 

 

In addition, the extent of the F2 transition was affected by the interaction of the 

participant age and sex with the sentence position in the utterance block. In particular, the older 

males (88 Hz and 129 Hz) used wider F2 transitions than the younger males (28 Hz and 2 Hz) 

for both sentence positions. Also, the older males (88 Hz and 129 Hz) used wider F2 transitions 

than the older females (28 Hz and 37 Hz) for both sentence positions (Figure 7). 
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FIGURE 7. Frequency extent of the F2 transition as a function of the age and sex of the participants and order of the 

sentence in the block of utterances. 

 

The Pillai’s trace multivariate ANOVA for the extent of the F2 transition revealed that 

the only significant main effect was whether the word came before the Stroop segment, was the 

color-word in the Stroop segment, or came after the Stroop segment (F(2,3)=63.581, 

p<.05,η
2

p=.977). There were three significant interactions: between the condition and the word 

position (F(2,3)=23.629, p<.05,η
2

p=.940), among the condition, the word position, and the 

participant age (F(2,3)=17.120, p<.05,η
2

p=.919), and among the sentence order, the participant 

age, and the participant sex (F(1,4)=8.142, p<.05,η
2

p=.671). Similar to the multivariate ANOVA, 

the repeated measures ANOVA for within-subject effects indicated a significant main effect for 

the word position (F(2,8)=75.548, p<.05, η
2

p=.940). There also were significant interactions 

between the age of the participant and the word position (F(2,8)=5.330, p<.05, η
2

p=.571), 

between the condition and the word position (F(2,8)=9.846, p<.05,η
2

p=.711), and among the 

condition, the word position, and the participant age (F(2,8)=7.553, p<.05,η
2

p=.654). Finally, 

there were significant between-subject main effects for the age of the participants 

(F(1,4)=19.691, p<.05, η
2

p=.831) and the sex of the participants (F(1,4)=10.822, 

p<.05,η
2

p=.730). 

Duration of the F2 transition 

 The duration of the F2 transition was affected by the interaction of the position of the 

word in the sentence, the cognitive load, the order of the sentence in the utterance block, and the 

sex of the participant. As shown in Figure 8, females used the longest F2 transition durations for 

the color-word in the Stroop segment when the cognitive load was high and the sentence was 

first in the block (63 ms), and males for the color-word in the Stroop segment when the cognitive 
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load was high and the sentence was second in the block (55 ms) (Figure 8). As with the previous 

dependent variables, the shortest durations occurred in the post-Stroop segment word.  

 
 

FIGURE 8. Duration of the F2 transition as a function of the sex of the participant, the location of the sentence in 

the utterance block, the cognitive load of the utterance, and the position of the word in the sentence. 

 

The Pillai’s trace multivariate ANOVA for the duration of the F2 transition revealed that 
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the word position (F(2,3)=13.363, p<.05,η
2

p=.899), and among the sentence order, the participant 

age, and the participant sex (F(1,4)=10.714, p<.05,η
2

p=.728). Similar to the multivariate 

ANOVA, the repeated measures ANOVA for within-subject effects indicated a significant main 

effect for the word position (F(2,8)=24.338, p<.05, η
2

p=.859). There also were significant 

interactions between the cognitive condition and the word position (F(2,8)=20.266, 

p<.05,η
2

p=.835), the sentence order, the participant age, and the participant sex (F(1,4)=10.714, 
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2
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and the participant age (F(2,8)=5.502, p<.05,η
2

p=.579). Finally, there was a significant between-

subject main effects for the age of the participants (F(1,4)=7.893, p<.05, η
2

p=.664). 

F2 transition slope 

 The slope of the F2 transition was affected by the position of the word in the utterance 

and its interaction with the cognitive workload level of the sentence, the order of the sentence in 

the block, and the age of the participant. The older participants used the steepest slope for 

productions of the word in the post-Stroop segment when the cognitive load was high and the 

sentence was first in the block (5.94 Hz/ms) and for the word in the post-Stroop segment when 

the cognitive load was low and the sentence was second in the block (5.82 Hz/ms) (See figure 9). 

The older participants used flatter slopes for the word in the pre-Stroop segment particularly 

when the cognitive load was low and the sentence was second in the block (0.01 Hz/ms).  

 

 
 

FIGURE 9. Slope of the F2 transition in Hz/ms as a function of the age of the participant, the location of the 

sentence in the utterance block, the cognitive load of the utterance, and the position of the word in the sentence. 
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The Pillai’s trace multivariate ANOVA for the slope of the F2 transition revealed that the 

only significant effect was whether the word was before the Stroop segnment, was the color-

word in the Stroop segment, or was after the Stroop segment (F(2,3)=21.605, p<.05). Similar to 

the multivariate ANOVA, the repeated measures ANOVA for within subject effects indicated a 

significant main effect for the word position (F(2,8)=36.859, p<.05). Finally, there was a 

significant between subjects effect for the age of the participants (F(1,4)=17.172, p<.05). 
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Discussion 

 The primary aim of this study was to examine the effects of aging and concurrent 

cognitive workload on the speech system using temporal and frequency measures of acoustics. 

Such findings could serve to expand our understanding of speech production. Previous studies 

that assessed effects of laboratory simulated, attention-demanding distractors on speech 

production show inconsistencies in speaker-adaptations across the literature; while some studies 

reported inconclusive results for adaptations in sound pressure level (Dromey & Shim, 2008; 

MacPherson, et al., 2017), fundamental frequency (Huttunen, et al., 2011; Lively, et al., 1993; 

Van Lierde, et al., 2008; Mac Pherson, et al., 2017; Mendoza & Carballo, 1998) and vowel 

durations (Caruso, et al., 1994; Huttunen, et al., 2011; Lively, et al., 1993), other studies that 

focused on the same acoustic measures of voice (for example, changes in formant frequencies) to 

reveal said adaptations (for example, trends of vowel centralization), have conflicting results 

(Caruso, et al., 1994; Huttunen, et al., 2011; Lively, et al., 1993).  

We presumed that differences in the aforementioned studies’ experimental designs could 

be responsible for the variability between their findings. Thus, the current study accounted for 

the sex and age of the participants to control for more factors. In addition, previous studies 

defined “cognitive load” in several ways and employed differing laboratory-simulated tasks to 

represent the same notion: increased cognitive workload. Thus, the current study incorporated 

the Stroop task (Stroop, 1935), a more established experimental paradigm, to simulate increased 

cognitive workload conditions during speech production (Mac Pherson, et al., 2017). 

Furthermore, we considered additional factors of influence in our administration of the Stroop 

paradigm during analysis: we controlled for the sequential order in which our target sentence 

appeared, and for the position of the measured words within the sentence. 
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  We hypothesized the following: (1) older speakers will have longer consonant and vowel 

durations than will younger speakers during conditions of low cognitive load—or, during 

congruent conditions of the Stroop task; (2) the duration differences between older and younger 

speakers will increase during conditions of high cognitive load, the incongruent conditions of the 

Stroop task; (3) older speakers will have shorter transition durations of the second formant (F2) 

of the vowel and smaller frequency extents of the F2 transition of the vowel than will younger 

speakers during conditions of low cognitive load; both the duration and frequency measures of 

F2 transitions of both older and younger speakers will increase during conditions of high 

cognitive load.  

 We tested these assumptions by simulating varying conditions of cognitive workload 

while participants produced sets of test utterances. We assumed that the task of reading 

utterances while suppressing Stroop-induced lexical interference would produce sufficient levels 

of cognitive workload to reveal speaker modifications in the aforementioned temporal and 

frequency-dependent measures of speech. 

The results of the present analysis suggest that the effects of speaker anticipation of the 

cognitive task were manifested by temporal-dependent adaptations in the speech signal that 

occurred as a function of the measured word’s position in the sentence. Across the variables, 

productions of the Pre-Stroop segment were longer than the productions of post-Stroop segment. 

This indicates speakers prepared for the task by slowing their phoneme durations and transitions. 

Once past the cognitive load task of the Stroop segment, they spoke these phonemes and 

transitions more quickly. In addition, there were interaction effects between the word position in 

the sentence and the cognitive load, particularly for the older participants. Older speakers had 

longer vowel and F2 transition durations and wider F2 transition frequency extents than the 
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younger participants. In addition, the slope of the F2 transition varied across the position of the 

word in the sentence and the age groups, with the younger participants exhibiting steeper slopes 

for the words before the Stroop-segment and the older participants exhibiting steeper slopes for 

both the color-word in the Stroop segment and the words after the Stroop segment. 

 The consonant duration data did not support the first hypothesis. The younger males had 

longer consonant durations than the older males and both females groups, thus the hypothesis 

that the older participants would use longer consonant durations was not supported. The mean 

consonant durations reported in this study were similar to previous data for both groups of 

females and the older males (Liss et al., 1990; Smith et al., 1987). Also, since no age-related 

consonant duration differences occurred because of the cognitive load, the second hypothesis 

was not supported by the data for this variable.  

 The vowel durations for the older and younger participants were similar for the low 

cognitive load sentences. Thus, the data did not support the hypothesis that the vowel durations 

would be longer for the older participants in this condition. However, the older participants used 

longer vowel durations for productions of the color-word in the Stroop-segment during high 

cognitive load conditions, which supports the second hypothesis. Older speakers appeared to 

adjust to higher cognitive workload conditions by slowing their speech rate during the 

productions of these Stroop-segment vowels. This effect occurred more strongly among the older 

females than the older males. Our findings are consistent with previous studies that indicate 

healthy older speakers employ prolonged vowel and word durations under conditions of 

cognitive stress (Caruso, et al., 1991). Perhaps the general cognitive slowing and taxed inhibitory 

function that is associated with the aging process account for the additional time elderly speakers 

use to plan and execute speech movements (Caruso, et al., 1994).   
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 The data for vowel F2 transition durations did not support the hypothesis that older 

speakers would exhibit shorter transitions. On the contrary, the older speakers utilized longer F2 

transition durations than did younger speakers. However, no age-related F2 transition duration 

differences occurred from manipulating the cognitive load of the task, disproving the hypothesis 

that temporal measures of F2 transitions in older speakers would be disproportionately longer 

under high levels of cognitive workload. Similar to previous data, the shortest F2 transition 

durations for all speakers occurred on the post-Stroop segment vowels. Participants produced 

longer F2 transition durations on the Stroop-segment vowels to adjust to increased cognitive load 

conditions. Thus, the anticipation of the color to word mismatch and its occurrence resulted in 

relatively longer transitions into the vowels.   

 The frequency extent of the F2 transition was dependent on the word’s position in the 

sentence: all participants exhibited more extensive vowel transitions before and at the Stroop 

segment color-word in comparison to afterwards for both cognitive load conditions. The F2 

transition frequency extent was greatest for speaker productions of the color-word, ‘pink.’ One 

reason for this may be that the /i/ vowel in pink is a high vowel, whereas the /a/ in ‘Pammy’ and 

the /a/ in ‘poppies’ are low vowels. However, this difference does not account for the differences 

across the age groups and the increased extent of the F2 transitions with increased cognitive load 

in the pre-Stroop and Stroop color-word segments of the sentences.  

Similar to the current findings, Caruso, et al.’s (1994) version of the Stroop paradigm 

revealed the greatest C-V transition extents and durations occurred in conditions of high 

cognitive stress—when the task was incongruent and speed stress was added. In Caruso, et al.’s 

study however, participants partook in color-naming tasks involving productions of individual 

words only, as opposed to entire utterance productions. This present study controlled for 
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additional factors of influence, like word position in the sentence, which seems to correspond to 

different levels of manipulation the speaker exerts on F2 as the utterance is anticipated and 

produced. Like the data reported for F2 transition duration, the data for the frequency extent of 

the F2 transition did not support the notion that older speakers would have smaller frequency 

extents. Instead, the data reported that older speakers used wider F2 transition frequency extents 

than did younger speakers for productions of the color-word. The analysis revealed that these F2 

transition extents further widened during conditions of increased cognitive workload, which 

supports the hypothesis that the frequency measures of the F2 transitions would be larger during 

the incongruent conditions of the Stroop task. 

 In addition, the slope of the F2 transitions appeared to be influenced by the word’s 

position in the sentence. Older speakers exhibited steeper slopes for vowels that followed the 

Stroop-segment of the sentence. Conversely, older speakers exhibited flatter slopes for Pre-

Stroop segment vowels during both cognitive load conditions. This suggests that as older 

speakers prepare for demanding concurrent cognitive tasks, they decrease their speech rate and 

produce slower F2 transitions in the Pre-Stroop segments and, as a result, create F2 trajectories 

with lesser displacements from the F2 onset. Older speakers exhibited the greatest deviations in 

F2 trajectory from F2 onset frequencies for the vowels measured after the Stroop-segment. The 

flatter F2 slopes are similar to those reported for highly intelligible adults as opposed to less 

intelligible adults with dysarthria (Martel-Sauvageau & Tjaden, 2017).   

In regards to Lindblom’s (1990) H&H model, hyperspeech is the type of speech 

employed during sub-optimal conditions and is categorized by several speech adaptations that 

serve to enhance intelligibility. For example, Lindblom predicted talkers would decrease their 

sentence durations while attending to cognitive tasks. In the current study, older speakers made 
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similar modifications that were consistent with the model’s framework for improved 

intelligibility. It seems that slower articulation rates of words correspond with flatter slopes of F2 

for the older participants. Interactions between vowel duration and slopes of vowel formants a 

function of word position in the sentence would need to be analyzed for further interpretations. 

Limitations 

 There are important limitations that should be considered for the results of the present 

study. Similar to previous studies in the literature, the issue with generalizing results persists. 

The small number of participants restricts the ability to generalize these results beyond the 

present sample. Continuing this work with a larger group of participants will provide greater 

validity for the findings.  

Studies that assess the effects of cognitive load on speech production have yet to find 

consistent trends in speech adaptation for reasons beyond the limiting sample sizes. First, the 

operational definition of ‘cognitive workload’ in these investigations has not been consistent and 

the different tasks used to recreate cognitive workload exert differing ranges of influences on the 

speech system. While this study chose the more quantifiable Stroop model to simulate these 

effects, we still defined the ‘high’ level of cognitive load differently; for example, Caruso, et al. 

(1994) added speed stress to supplement the incongruent condition of the Stroop task. These 

differences in design further limit our ability to generalize this investigation’s findings. It is also 

important to note that concept of workload is had to control for under experimental conditions, 

thus the results cannot be applied to real settings. 

The current study chose plosive-initial syllables for analysis for easy phoneme 

identification and segmentation as well as consistency; however, vowel differences were not 

accounted for in the analysis. While all syllables began with consonant ‘p,’ every segment in the 
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sentence had different a vowel. Since the patterns of first and second formants relate to the 

articulation of the vowel, it is possible that the individual characteristics of the measured vowels 

affected our interpretation of the formant measurements.  

In addition, the reliability of these measurements needs to be completed. The time-line 

for this project limited the reliability work. These measurements have been made, but have yet to 

be analyzed. 

Future Direction 

 Given the findings in this work, more participants need to be measured. Future work 

should also investigate age related differences in vowel space and the effect of cognitive load on 

vowel space. Researchers indicate that reduced vowel space can be associated with intelligibility 

in older dysarthric speakers (Martel-Sauvageau & Tjaden, 2017). It also has been associated with 

normal aging (Liss, et al., 1990). 

 Future studies should also consider analyzing syllables and words within several 

segments of the utterance that are consistent in their construct, as well as use linguistically 

diverse utterances for participants to use. This will ensure that any observed changes in speech 

aren’t due to the individual qualities of the vowel or consonant. Incorporating the Stroop task in 

an utterance, as opposed to presenting individual color-words, will also give the researcher a 

better speech sample to analyze. A full sentence sample will also consider the effects of the 

word’s position.  
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