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Introduction: Speech breathing is a term usually used to refer to the manner in which expired air and lung mechanics are utilized for the production of the airflow necessary for phonation. Neurologically, speech breathing overrides the normal rhythms of alveolar ventilation. Speech breathing is generated using the diaphragm, glottis, and tongue. The glottis is the opening between the vocal folds in the larynx; it is the primary valve between the lungs and the mouth, and by varying its degree of opening, the sound can be varied. The use of voice as an indicator of health has been widely reported. Chronic obstructive pulmonary disease (COPD) is the most common long-term respiratory disease. The main symptoms of COPD are increasing breathlessness, a persistent chesty cough with phlegm, frequent chest infections, and persistent wheezing. There is no cure for COPD, and it is one of the leading causes of death worldwide. The principal cause of COPD is tobacco smoking, and estimates indicate that COPD will become the third leading cause of death worldwide by 2030. The long-term aim of this research program is to understand how speech generation, breathing, and lung function are linked in people with chronic respiratory diseases such as COPD.

Methods: This pilot study was designed to test an articulatory speech task that uses a single word (“helicopter”), repeated multiple times, to challenge speech-generated breathing and breathlessness. Specifically, a single-word articulation task was used to challenge respiratory system endurance in people with healthy lungs by asking participants to rapidly repeat the word “helicopter” for three 20-s runs interspersed with two 20-s rest periods of silent relaxed breathing. Acoustic and prosodic features were then extracted from the audio recordings of each adult participant.

Results and discussion: The pause ratio increased from the first run to the third, representing an increasing demand for breath. These data show that the repeated articulation task challenges speech articulation in a quantifiable manner, which may prove useful in defining respiratory ill-health.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is the most common long-term respiratory disease. The main symptoms of COPD are increasing breathlessness, a persistent chesty cough with phlegm, frequent chest infections, and persistent wheezing.1 There is no cure for COPD, and it is one of the leading causes of death in the world. The principal cause of COPD is tobacco smoking, and estimates indicate that it will become the third leading cause of death worldwide by 2030. This pilot study tested an articulatory speech, which uses a single word “helicopter,” repeated multiple times, to challenge speech-generated breathing and breathlessness.


1.1. COPD and lung function

COPD develops slowly, appearing in middle age; initially, it has little effect on lung function, and its impact on lifestyle is minor. As the disease develops, the associated lung dysfunction becomes disabling; the person with COPD becomes increasingly immobile and eventually requires oxygen support. This slow decline can be marked by exacerbations that require acute healthcare intervention. The ability to identify these exacerbations before they occur or early on would improve the quality of life of those with COPD and help reduce healthcare costs.

Severe COPD leads to pronounced breathlessness and alters pulmonary ventilation. These COPD-induced changes subtly affect other breathing-related functions, such as speech articulation and the pause time between words.

A clinical test used to diagnose and stage the severity of COPD is spirometry, which is performed under the supervision of a trained healthcare practitioner. Although speech production is altered by COPD and other lung diseases, signals from speech production have not been used as a diagnostic tool, partially because the changes in voice are subtle.



1.2. Speech breathing

The term “speech breathing” is usually used when referring to the manner in which expired air and respiratory mechanics are utilized to produce the airflow necessary for phonation. During speech breathing, a quick inspiration is followed by a prolonged expiration. Quick inspiration can reduce pause time and allows a speaker to retain the floor in a speaking exchange. A volume of air is taken into the lungs and then pushed out through the glottis to enable utterance of speech sounds. The variable amounts of air inhaled are based on the content to be produced.

The cycle of inspiration and expiration in speech breathing is generated using the abdominal muscles, diaphragm, glottis, mouth, and nose. The abdominal muscles (rectus abdominus, external oblique, internal oblique, and transverse abdominus) are located between the ribs and the pelvis on the front of the body. These muscles support the rib cage to expand during inspiration (Hixon et al., 1973). The diaphragm is a large, dome-shaped muscle located at the base of the lungs. When the diaphragm contracts and flattens and the chest cavity enlarges, this contraction creates a vacuum and pulls air into the lungs. Upon exhalation, the diaphragm relaxes and returns to its domelike shape, and air is forced out of the lungs. The abdominal muscles can move the diaphragm and provide more power to empty the lungs. The glottis is the opening between the vocal folds in the larynx; it is the primary valve between the lungs and the mouth, and the sound can be varied by varying its degree of opening.

Usually, speech begins once the lungs have been filled upon the end of inspiration. It therefore begins with a large lung volume (LV), which is associated with longer voice onset times, increased subglottal pressure, increased sound pressure levels, a higher fundamental sound frequency, and increased glottal leakage. In contrast, speech produced at low LVs has been found to be associated with a more adducted vocal state compared with speech produced at high LVs. For instance, Iwarsson et al. (1998) studied the effects of lung volume on the glottal voice source and found that the closed quotient increases with decreasing lung volume, while subglottal pressure, peak-to-peak flow amplitude, and glottal leakage tend to decrease. In addition, Murray et al. (2018) asked speakers to read passages with two speaking voices: typical (baseline and return phases) and breathy vocals (experimental phase). They found that the participants spoke with larger LV excursions during the experimental phase, characterized by increased LV initiation and decreased LV termination compared with the baseline phase.

Regarding the airstream mechanism of speech breathing, many studies have explored the possibility of using speech breathing to predict and diagnose lung function. For specific groups, e.g., patients with asthma or Parkinson's disease, speech measures offer promising monitoring and diagnosis methods. Tayler et al. (2015) reported that healthcare professionals can estimate the predicted forced expiratory volume in one second (FEV1 %) based on speech samples from asthma patients. This finding provides evidence that speech is altered in acute asthma.



1.3. Effects of age and sex on speech breathing

Across an individual's lifespan, the anatomy of the respiratory system changes, and the functioning of breathing can become limited in association with these changes. For instance, larger bodies typically result in larger lungs and respiratory systems (McDowell et al., 2008). Until age 14, lung length and width both expand linearly (Polgar and Weng, 1979; Zeman and Bennett, 2006). Boys' lungs continue to grow until between the ages of 18 and 20, while girls' lung growth patterns settle at ~14 years of age (Polgar and Weng, 1979). However, men and women typically start to lose weight beyond the age of 60, and this loss continues into the seventh and eighth decades of life. Lung volume, static recoil pressure, and respiratory muscle strength all undergo physiological changes because of the respiratory system. Along with anatomical and physiological changes in the respiratory system, speech breathing patterns and features change across the lifespan.

Vocal intensity is an acoustic measure. During everyday speech production, speakers have to raise their vocal intensity to ensure that they are heard in noisy environments. To increase vocal intensity, the respiratory system will generate higher subglottal air pressures (Finnegan et al., 2000). There are differences between age groups in terms of the way in which intensity is increased during speech production: children, teenagers, and young adult speakers can use larger lung and rib cage volume excursion to increase intensity, but older adults do not show the same pattern. Utterance length is a measure of the linguistic (prosodic) feature of speech, and there is a significant correlation between utterance length and respiratory function. Utterance length is defined as the number of syllables or words produced in one speech breath.

Speech breathing patterns change with age, but little consideration has been given to sex-based differences within COPD clinical research (Somayaji and Chalmers, 2022). There is, however, emerging and considerable evidence to suggest that sex contributes to disease pathogenesis, risk, diagnosis, prevalence, severity, and clinical outcomes (Fletcher and Peto, 1977; Doyal, 2001; Carey et al., 2007; Townsend et al., 2012). In addition, there have been calls for researchers to better understand the mechanisms underpinning these observed differences (Silveyra et al., 2021). Despite these calls, the literature is scant, but it points to anatomical differences between sexes and the influence of sex hormones, the menstrual cycle, and other diseases (e.g., asthma), which are said to modulate these sex differences in COPD (LoMauro and Aliverti, 2018). For example, standard morphometric measures have shown that males have larger lungs than females (Thurlbeck, 1982). In addition, females have smaller airway diameters and lung volume, resulting in lower peak expiratory flow than males. Furthermore, respiratory symptoms in females (e.g., wheezing, dyspnea, and cough) vary significantly with menstrual cycle-induced hormonal changes: specifically, these COPD symptoms tend to get worse in the mid-phase of the cycle (Macsali et al., 2012). Understanding the contribution of sex and gender to COPD will help with the development of precision medicine and the effective daily management of COPD.



1.4. Three-tier feature measures

Speech breathing is a special breathing function. It is a multi-faceted phenomenon integrating breathing, speech production, and articulation. Distinct types of information can be extracted from the utterance of speech sounds by examining the characteristics of speech, e.g., acoustic features, prosodic features, and certainly breathing-related features. Therefore, we developed a systematic analysis method with three tiers of feature measures. The three tiers consist of acoustics, prosody, and breathing. Acoustics refers to the physical properties of sounds, and this measure captures speech-related information, e.g., vowel formants, intensity (perceived as loudness), or fundamental frequency (perceived as pitch). Prosodic features, in this study, refers to how speech sounds are organized, including length of run and pause ratio. Measures of breathing features, specifically in relation to speech breathing, are under development. People usually take around 10–15 breaths per minute when resting. This is described as the respiratory rate. In the current study, we adopted respiratory rate as the key measure of breathing.

Vocal intensity is the most widely investigated acoustic feature in studies of speech breathing. Speakers use larger lung and rib cage volume excursions when increasing their vocal intensity (Stathopoulos and Sapienza, 1997). Further studies on prosodic information have revealed the correlation of these measures with respiratory functions. For instance, studies have revealed a correlation between utterance length and respiratory function (e.g., Sperry and Klich, 1992; Whalen and Kinsella-Shaw, 1997). Age-related effects also occur, with older adults producing shorter utterances than young adults do. Huber (2008) examined age-related changes in speech breathing by measuring utterance length and loudness, and found that age-related effects increased as utterances became longer. These results suggest that older adults have a more challenging time when the speech system is being taxed by both utterance length and loudness. The data were also consistent with the hypothesis that both young and older adults use utterance length in premotor speech planning processes.

A wide range of speech features have been judged relevant for and investigated in relation to health status. Farrús et al. (2021) proposed two types of speech features, acoustic and prosodic information, and applied them for the detection and classification of bipolar disorder. They argued that prosodic information, which is conveyed through intonation, stress, and rhyme, could reflect the emotional aspects of the individual. In this study, we investigated acoustic and prosodic features and focused on the prosodic information.

In recent years, computerized deep learning methods have offered new ways of modeling speech and analyzing it for healthcare applications (Cummins et al., 2018). For instance, Nallanthighal et al. (2021) proposed using deep learning to investigate breathing. Breathing (i.e., inhalation and expiration) is essential and these are the primary mechanisms driving speech production. These authors explored techniques for sensing the breathing cycle and extracting breathing metrics from speech using deep learning architectures, and addressed the challenges involved in establishing the usefulness of applying this technology. Estimating breathing patterns from speech provides information about the corresponding respiratory parameters, which would enable assessment of the speaker's respiratory health using speech alone.

Specifically, in the present study, pause ratio was measured as one key feature of rhythm. Fuchs and Rochet-Capellan (2021) reviewed the respiratory foundations of spoken language and highlighted the fact that breathing interacts with respiration, syntax, and planning. We should distinguish respiratory and linguistic pauses in a breathing cycle. A typical respiratory pause occurs during a breathing cycle. In a normal breathing cycle at rest, there is an in-breath (inhalation) followed by an out-breath (exhalation). The out-breath is followed by an automatic pause (or period of no breathing) lasting ~1 to 2 s. In contrast, a linguistic pause is a silent pause or filled pause containing um or uh. In terms of speech breathing, an in-breath may play the role of such a linguistic pause, which can inspire speech and empower the following articulation. In the following section, we introduce the potential use of prosodic information as a measure of lung function and analyse the potential correlation between prosodic features and lung function.

In the present study, a speech breathing task, namely the “helicopter task,” was designed to measure the acoustic, prosodic, and breathing characteristics of speech. The helicopter task requires participants to repeat the word “helicopter” as quickly as possible for 20 s, followed by a 20-s break of silence. This was repeated twice, creating a task consisting of three runs lasting ~100 s in total. Based on previous studies, acoustic features include a wide range of parameters, e.g., frequency and vocal intensity. Vocal intensity is of specific interest. Utterance length is the key umbrella concept of prosodic features; in this study, it was calculated in terms of speech rate and word duration. A pause, as a critical parameter for measurement of speech breathing, was defined as a silence filled with no utterance of the word “helicopter” and measured in terms of pause ratio. The pause ratio was calculated as the duration of the pause divided by the entire 20-s duration of word repetition.

Three main research hypotheses were addressed:

1. Run effect: It was assumed that, with airflow consumed over the course of the task, prosodic measures would be affected: in particular, pauses would become longer, and, correspondingly, pause ratio would increase and more breaths would be taken in the later runs.

2. Sex differences: It was predicted that female speakers would produce higher-frequency speech, lower-intensity speech, shorter syllable durations, and longer pause ratios compared to male speakers.

3. As the three tiers of features included a wide range of variables in the study, we predicted that acoustic and prosodic features would be significant predictors of measures of lung function. A multiple regression method was employed to explore these predictors.




2. Materials and methods


2.1. Participants

A total of 27 healthy, native English-speaking participants (12 men, 15 women; mean age: 26, range 19–55 years; height: 1.68 ± 0.12 m; weight: 68.8 ± 14.0 kg, n = 24) were recruited from the University of South Wales community through random sampling. Two participants did not follow the instructions, and their data were not included in the analysis. All participants filled out the Clinical Report Form One (Appendix 1), which consisted of seven questions: age, sex, height, weight, respiratory condition, smoking history, and breathing status. No other general health status, medication, or physical activity parameters were investigated.

Predicted lung function was calculated using the Global Lung Function Initiative index (European Respiratory Society). Two measures of forced expired volume (FEV1) and forced vital capacity (FVC) were predicted from weight and height data. A t-test showed that the means of FEV1, FVC, and FEV1/FVC ratio were statistically different between sexes (p-values < 0.01).

The study was approved by the Faculty of Life Science and Education Ethics Panel, University of South Wales (No 210901HR), in accordance with the Declaration of Helsinki. Written and verbal informed consent were obtained from each participant.



2.2. Protocol

The study used a speech articulation task designed to test lung health. The design was derived from that of the diadochokinesis (DDK) task, which is one of the oldest and most frequently used tasks for evaluating various types of speech communication problems. It often involves fast repetition of single words or of non-speech oral movements such as opening and closing of the lips. It has numerous variations and is also referred to as verbal, oral, or phonoarticulatory DDK. It has cross-disciplinary applications in areas such as aging, biomedical engineering, biological sciences, communication sciences and disorders, computational methods in biomedicine, craniofacial surgery, dentistry, neurology and neurosciences, and oral surgery (Kent et al., 2022).

In the current study, we used a task involving the repetition of a single polysyllabic word to explore its potential in measuring lung function. This word “helicopter” was chosen from a list of words commonly used in speech therapy testing. This list is shown in Table 1. In this list, the words “ambulance,” “vegetable,” and “animals” can be pronounced either with a mid-central vowel, the schwa /ǝ/, or without. The uncertainty of the presence of the schwa could result in changes in syllable structure, duration, loudness, and other aspects of articulation. In order to keep all measurements consistent and accurate, these words were not chosen for the current task. Among the rest of the words, “hippopotamus” and “helicopter” contain the voiceless glottal fricative /h/, which requires the maximum amount of airflow to maintain articulation compared with the consonants in the other words, which are mostly stops, nasals, or approximants. Between the two words containing /h/, “hippopotamus” is a low-frequency word and may prevent speakers from articulating fluently. Therefore, “helicopter” was chosen as the word for our task.


TABLE 1 Phonemes in ten common words used in speech therapy tests.

[image: Table 1]



2.3. Procedures

Each participant was asked to sit still in a quiet room at a distance of ~40 cm from their computer. Their task was to produce the word “helicopter” as quickly as possible and as many times as possible within a 20-s production period. Each participant was given three 20-s production periods with a 20-s forced break between the first and second production periods and between the second and third production periods. The experimenter gave a signal for the start of each production period and the start of each break. The instructions were as follows:

“For this exercise, you will be asked to repeat the word ‘helicopter,' as before, but this time for only 20 s at a time. For this exercise, I want you to do this three times but with a short break in between. When I say ‘go,' please start repeating ‘helicopter' until I say ‘stop.' After a short interval I will say ‘go,' so like before keep going until I say ‘stop.' After another short rest, I will ask you to do this one more time. I will time and record the whole exercise, so please sit quietly during the two resting intervals.”

“Do you have any questions you would like to ask?”

“Are you ready to begin?”

The recordings were made online via Microsoft Teams, with both the experimenter and the participant in the session. During testing, the camera was switched off and only speech was recorded. Only participants' speech was analyzed.

The audio recordings were converted into.wav files using the audio editing software package Audacity. The three 20-s runs were extracted as separate files for acoustic analysis. Only instances of the word produced in full were kept for analysis; instances with disfluencies, prominent background noise, or overlap with the experimenter's instructions were excluded from acoustic analysis. Audible breaths (inspirations) in each run were identified and matched to the digital recording, allowing the number of breaths to be counted and the duration of each breath to be calculated. Word boundaries and pause boundaries were manually segmented in all audio files in Praat (Boersma and Weenink, 2022) by a first annotator; a second annotator, who was a trained phonetician, then checked the boundaries and made corrections to the annotation.

For the acoustic analysis, F0 and formants were both extracted as mean values across each word as a whole, using a Praat script. F0 data were extracted with a range of 60–500 Hz, and the formants were extracted with a ceiling of 5,000 Hz. Mean F1 and mean F2 values were measured with a ceiling of 5,000 Hz. Intensity data were extracted using a minimum F0 of 60 Hz, with a 0.01 step. The length of pauses was measured, including only periods when the speaker was taking a breath between words; the initial and final silence periods at the start and end of each production period were excluded. The pause ratio was the total duration of the pauses in the production period divided by the total duration of the production period from the production of the first instance.



2.4. Statistical analysis

Means ± SD are reported. Acoustic features (e.g., intensity, F0, F1, F2, and F0 range) and prosodic features, e.g., speech rate (number of words per second for the entire run), word duration (mean duration for the word “helicopter” across the entire run), and pause ratio (mean pause duration for the entire run), are reported in Table 2. As the lung growth pattern stabilizes at 13–14 years of age for females and 18–20 years for males (Polgar and Weng, 1979), age is not a factor that we aimed to investigate in the study. Instead, the two independent variables in this study were sex and run (the repetition order in the task). A two-way repeated measure ANOVA (analysis of variance) was conducted to test for the effects of these variables on acoustic, prosodic, and breathing measures. If there was an effect of run on any feature, a regression was conducted to predict the effect on the lung function measures.


TABLE 2 Comparison of voice characteristics between male and female speakers.

[image: Table 2]




3. Results


3.1. Voice characteristics: acoustic and prosodic features

Among the acoustic features, mains effect of run were found on intensity and F1. Specifically, a two-way repeated measures ANOVA showed a significant main effect of run on intensity, F (2.38) = 5.35, p = 0.009, [image: image] = 0.220. Pairwise comparison showed that the intensity of the first run (Mean = 67.61, SE = 1.34) was significantly lower than that of the second run (Mean = 68.55, SE = 1.26), p < 0.001. It is intriguing that a two-way repeated measures ANOVA also showed a significant main effect of run on F1, F (2.38) = 5.53, p = 0.008, [image: image] = 0.225. Pairwise comparison showed that F1 was significantly higher for the third run (Mean = 761.73, SE = 19.90) than for the first run (Mean = 742.36, SE = 17.69, p = 0.018) and the second run (Mean = 739.85, SE = 19.48, p = 0.006), but there was no difference between the first and second runs in terms of F1.

Main effects of sex on F0 and F0 range were observed. Specifically, a two-way repeated measures ANOVA showed a significant main effect of sex on F0, F (1.19) = 25.21, p < 0.001, [image: image] = 0.570. Pairwise comparison showed that F0 was significantly higher in female speakers (Mean = 196.24, SE = 7.21) than in male speakers (Mean = 137.62, SE = 9.19), which is consistent with previous studies. A two-way repeated measures ANOVA also showed a significant main effect of sex on F0 range, F (1.18) = 9.49, p = 0.006, [image: image] = 0.345. Pairwise comparison showed that F0 range was significantly wider in male speakers (Mean = 177.94, SE = 22.96) than in female speakers (Mean = 90.22, SE = 16.85).

With regard to prosodic features, there was a significant main effect of run on pause ratio, F (2.36) = 5.26, p = 0.010, [image: image] = 0.226. Pairwise comparison showed that the third run was associated with the highest pause ratio (Mean = 0.085, SE = 0.007), and that this was significantly higher than that of the first run (Mean = 0.059, SE = 0.008, p = 0.014), but not the second run. There was no significant difference between the second and third runs.

A main effect of sex on speech rate was also observed, F (1.19) = 4.85, p < 0.001, [image: image] = 0.203. The interaction between sex and run was significant, F (2.38) = 3.83, p = 0.031, [image: image] = 0.168. Pairwise comparison showed that, in the first run only, male speakers articulated the word “helicopter” more quickly than female speakers (men: Mean = 1.72, SE = 0.07 vs. women: Mean = 1.47, SE = 0.06, p = 0.012).

A multiple regression analysis was conducted to explore which features contribute significantly to lung function, specifically FEV1 and FVC. Based on the ANOVA results, we selected intensity, F1, and pause ratio for inclusion as predictor variables. The two criterion variables were FEV1 and FVC. A multiple regression with backward elimination was conducted in SPSS for each run. Using backward elimination, we attempted to only include significant predictor variables in the regression model.

The regression results showed that the regression model was significant for the criterion variable of FEV1 only in the case of the second run, F (1.16) = 6.23, p = 0.025; pause ratio was the only significant predictor included, adjusted R-squared = 0.246, Beta = 0.542, p = 0.025. For the first and third runs, none of the predictors tested (intensity, F1, and pause ratio) was a significant predictor. A similar pattern occurred for FVC. A significant regression model only emerged in the case of the second run, F (1.16) = 6.61, p = 0.021, where pause ratio was the only significant predictor, adjusted R-squared = 0.26, Beta = 0.553, p = 0.021.



3.2. Breathing characteristics

All three runs for each participant (n = 26) were analyzed (a total of 168 breathes, split between men and women at a ratio of 85:83). For four participants, no inspirations were recorded.

The mean duration of the inspirations taken while completing the three “helicopter” runs was 0.283 ± 0.161 s (range: 0.04–0.88 s), n = 168, with no differences observed between the sexes. There were also no statistically significant differences (p = 0.149) between runs in terms of duration or number of inspirations. The occurrence of the first inspiration was significantly earlier in the second run compared to the first (Run 1: 59 ± 19%; Run 2: 43 ± 15 %; Run 3: 49 ± 22 %).

In the first run, approximately half (14/26) of the participants took 1–2 inspirations, but by the third run, this had risen to more than 3 inspirations (12/26) (Figure 1).


[image: Figure 1]
FIGURE 1
 Frequency of inspiration in each run (green: no inspirations detected; orange: 1, 2 inspirations; purple: 3+ inspirations). Number of cases is shown in brackets.





4. Discussion

In summary, the effects of both sex and run number on different acoustic features, prosodic features, and breathing measures were investigated in this study. Effects of sex occurred for F0, F0 range, and speech rate. Female speakers showed higher F0 values than male speakers, which is consistent with previous studies. Male speakers articulated the word “helicopter” more quickly than female speakers, but only during the first run, which might suggest that their speech rate decreased as articulation load increased. However, the current study also found that male speakers showed a broader F0 range than female speakers. This result differs from those of some previous studies, and further investigation should be considered.

Effects of run number on intensity, F1, and pause ratio were also observed in the present study. As more runs were taken, intensity and F1 increased among male and female speakers. Correspondingly, as intensity and F1 increased with each run, the speakers took more inspirations, which was indicated by the increase in pause ratio over the course of the three runs. The speakers needed to take more pauses to inhale air as they articulated the words in the later (second and third) runs. The mechanism underlying the effect of run on intensity needs further investigation. Huber et al. (2005) proposed three means of increasing speech loudness: increased recoil pressures, increased expiratory tension, and a combination of both. Unlike their design, in which the speaker was requested to increase loudness, the current “helicopter” task is deliberately designed to induce respiratory load by requiring participants to repeat words quickly over the course of three runs. We need to clarify which approach was adopted by speakers to increase intensity and F1. In addition, we need to clarify whether the increase in air intake was used to increase intensity or to compensate for respiratory load or physiological fatigue.

The multiple regression results indicated that pause ratio was the sole significant variable to predict two lung function measures, FEV1 and FVC, and did so only on the second run. The analysis of breathing characteristics showed that the first inspiration occurred earliest in the second run, among all three runs. The correlation of pause ratio and inspiration indicates that the relationship between run number and inspiration in speech breathing might not be linear. Essentially, to understand this finding, the mechanism underlying the use of pauses in speech breathing should be interpreted in relation to whether it represents an inhaling process or is mixed with another breathing event, for instance, breathiness.

In the present study, three tiers of features have been proposed to extract and categorize rich information from speech breathing and to provide insight into the relevance of factors on each of these tiers to lung function. In the current data analysis, for instance, the weights and roles of acoustic, prosodic, and breathing features are one issue that calls for more work. Even within the category of acoustic features, the changes in various features and measures that could be attributed to speech breathing patterns or loads are not clear. Previous studies have investigated the roles of F0, F1, and F2. Lively et al. (1993) found that, in a workload condition, talkers produced utterances with increased amplitude and amplitude variability, decreased spectral tilt and F0 variability, and increased speaking rate. However, no changes in F1, F2, or F3 were observed across conditions. In contrast, Huttunen et al. (2011) studied the utterances of 13 male military pilots that were recorded during simulated combat flights, and found that the strongest associations were observed between three types of cognitive load and F1 and F2 changes in back vowels.

The present study provides empirical evidence for the use of acoustic and prosodic features of speech as health sensors and indicators. Specifically, the repeated articulation “helicopter” task and the pause ratio measure are sensitive to changes in speech breathing and reflect lung function. Within the range of other available acoustic and prosodic features, we need to further screen for sensitive and specific indicators and investigate their mechanistic link with lung function. Our single-word-based articulation task may potentially represent a rapid tool for prediction of lung health in people with COPD. Therefore, the use of speech breathing and relevant linguistic–prosodic information could be further integrated into future home-based healthcare systems.
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