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ABSTRACT

This investigation was designed to examine speech production, the
motion of the chest wall, and breathing-related perceptions under a condition of
heightened respiratory drive. Ten healthy young men were studied during
spontaneous breathing and duiing speaking in three gas conditions: room air,
air delivered fi^m a press\arized tank, and a gas mixture high in carbon dioxide
(7% COg) delivered from a pressxirized tank. Magnetometers that transduced
diameter changes of the rib cage and abdomen were used to study chest wall
motion. Subjects also reported their breathing-related perceptions. Resiilts
indicate that chest wall behavior diiring spontaneous breathing and speaking
did not differ between room-air and tank-air conditions, but differed
substantially in the high-COj condition. In the high-COj condition,
spontaneous breathing and speaking usually were characterized by larger Ivmg
volumes, larger rib cage volumes, higher breathing rates, longer expiratory
times, and higher expiratory flows than in the two air conditions. Further,
speaking in high-COj was characterized by shorter speech duration, fewer
syllables per breath group, and greater average limg volxmie expenditure per
syllable compared to speaking in air. In high-COj, subjects reported a range of
breathing-related percepts including "breathlessness," "effortful breathing,"
and "gasping for air." Without exception, speaking in high-COj was judged by
the subjects to be more difficult than breathing in high-COg.
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INTRODUCTION

In hxunans, the primary function of breathing is gas exchange. Yet,
breathing also plays an important role in sustaining a nxmiber of other
behaviors — one of which is speech production. The control of breathing during
speech production is particularly interesting because there is evidence to
suggest that pattern of breathing cheinges to accommodate this activity
(Hugelin, 1986; liatz-Salamon, 1984). How the nervous system reconciles
metabolic and behavioral demands on the respiratory system^ diiring speech
production is not well vmderstood.
The control of breathing in humans has been investigated using a
variety of experimental paradigms. One paradigm involves the study of
breathing dviring speech production in conditions of heightened respiratory
drive, such as occurs during exercise or when inspiring high levels of carbon
dioxide (COj). This paradigm has proven highly successful in simviltaneously
engaging the behavioral and the metabohc control of breathing and thus
providing experimenters with an opportimity to observe the interaction
between the two. Evidence from this paradigm indicates that breathing
adjusts to meet the requirements of speech production even in circimistances
when the metabohc requirement to breathe is very high. These findings have

^ The respiratory sjrstem comprises the concentrically arranged pxilmonary system (lungs
and lower airways) and the chest wsdl system. The term chest wall as used in this paper
and refers to all eztrapulmonaiy parts of the respiratory apparatus that share volume
changes with the limgs (Hixon, 1991). The chest wall comprises the rib cage (including
muscular and non muscular attachments), diaphragm (including musciilar and non
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led some investigators to conclude that the behavioral control of breathing
"overrides" the metabolic control of breathing dxaring speech production (e.g.,
Bunn & Mead, 1971).
Although this research has offered valuable insights, the interactions
between breathing and speech production have yet to be fully characterized.
In particular, the possibility that both the behavioral and the metabolic control
of breathing might adjust to meet the requirements of speech production in
conditions of heightened respiratory drive has yet to be explored.

muscular attachments), abdomen (including muscular and non muscular attachments) and
abdominal contents.
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REVIEW OF THE LITERATURE

The following section includes an overview of the principal neural
pathways involved in the metabolic and behavioral control of breathing. The
effect of mechanical events in the respiratory system on breathing-related
perceptions is also discussed. Next, a description of what is known about the
behavior of the respiratory system during speech production in normal
conditions is provided. On the basis of this information, predictions about the
behavior of the respiratory system during speech production in conditions of
heightened respiratory drive are offered. The section ends with the statement
of purpose for the proposed study.
Humans breathe continually to maintain life. It is generally accepted
that the basic rhj^thm of breathing originates in central pattern generators
located in brainstem (medullary) respiratory nuclei. These nuclei provide input
to spinal respiratory motomeurons that innervate muscles of the respiratory
pump and to cranial motomeurons that modulate airway resistance through
activation of the bronchial, larjoigeal, and pharyngeal musculature (Feldman
& Smith, 1995). The activity that originates in these nuclei is regulated
reflexively by central and peripheral chemoreceptors (Wolkove et al., 1981)
and by a variety of mechanoreceptors located throughout the respiratory
system that detect mechanical and chemical changes (Adams, 1996; Duron,
1981; Mitchell & Berger, 1975; Remmers, Brooks, & Tenney, 1968).
Although breathing is rhythmic during sleep or while sitting quietly, this
rh3^hm can be altered by a variety of stimuli. For example, breathing is
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known to be affected by thought (Rigg et al., 1977), emotion, attention
(Hugelin, 1972), and sensory stimulation (Shea, Walter, Murphy, & Guz,
1987). Breathing also is influenced by conscious acts such as volimtary
breathholding and voluntary hyperventilation and by acts such as wind
instrument playing, singing, and speaking. Speaking, because it is one of the
most common behavioral acts in which humans engage, is an important
determinant of ventilation (movement of gas in and out of the limgs) during the
waking hours (Chemiak, 1996). In many instances it appears that behavioral
acts "override" stimuH from metaboHc pathways (Katz-Salamon, 1984;
Warner, Waggener, & Kronauer, 1983). In such cases, breathing appears to
be controlled by suprameduUary structures largely independently of
chemoreceptor control (Hugelin, 1986).
The role of suprameduUary input in the control of breathing has been
investigated in animals. Electrophysiological studies in cats demonstrate that
suprameduUary input can act on the medullary respiratory nuclei or bypass
these nuclei to act directly on cranial sind spinal respiratory motomeurons
(Aminoff & Sears, 1971; Hugelin, 1986; Macefield, Gandevia, McKenzie, &
Butler, 1996). Direct corticobulbar and corticospinal inputs can be excitatory
or inhibitory, and are integrated with input from the meduUaiy respiratory
centers at the segmental level in the spinal cord (MitcheU & Berger, 1975).
The influence of suprameduUary inputs at the segmental level may imderlie
the himian capability to adjust the basic rh3^hm of breathing during the
performance of primarily norurespiratory behavioral acts such as speech
production (Davenport & Reep, 1995).
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Afferent input to the cortex also play an important role in the control of
breathing. Electrophysiological studies in cats indicate that suprameduUary
centers may be modulated by respiratory afferents that project from the
peripheral breathing apparatus to areas of the cerebral cortex. Cortical neural
activity has been elicited by stimiilation of the cervical vagus, superior
laryngeal, intercostal, and phrenic nerves in animals (Davenport & Reep,
1995). Evidence of similar afferent projections has been foimd in himians by
Gandevia and Macefield (1989). In their study, microstimulation of low
threshold afferents within the intercostal musciilature were shown to evoke
cerebral potentials, particularly in the tnmk region of the somatosensorymotor cortex.
Afferent input to the cortex originates in receptors located throughout
the respiratory system. These receptors include spindle receptors in the
intercostal musculature, joint receptors of the ribs and other types of
mechanoreceptors located in the pulmonary and chest wall systems. There is
strong evidence that afferent signals originating from these receptors may
affect breathing-related perceptions associated with muscle fatigue, lung
voliame, respiratory pressure, airflow, and airway irritation (Shea, Lansing, &
Banzett, 1995). Furthermore, information regarding respiratory muscle force
is believed to reach the cortex by way of a "corollary discharge" that sends
copies of the motor signal. This activity may also affect breathing-related
perceptions (Chen, Eldridge, & Wagner, 1991, 1992).
The role of supramedullary and afferent inputs in the control of
breathing during speech production is less clear. Like breathing, speech
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production involves the participation of the respiratory, larjoigeal, and upper
airway systems. However, the coordination of these systems for speaking is
determined not only by sensory, metabolic, and mechanical considerations but
also by the speaker's intentions, linguistic rules, cultiiral practices, and the
acoustic "target." Although breathing continues during speech production, it is
evident that it is modified in accordance with these requirements to allow for
effective oral communication. For example, subtle variations in pressiire
effected by the respiratory system during speech production are critical for
controlling loudness, emphatic stress, and articulation. Accordingly, air
pressures and airflow requisite for speech production are more variable than
for spontaneous breathing. Also, it is usual for speech to be partitioned into
meaningful units. To observe this convention, inspirations tend to occur at
syntactic boundaries, such as at the end of phrases and sentences, especially
during oral reading (Hammen & Yorkston, 1994; Hixon, Goldman, & Mead,
1973; Winkworth, Davis, EUis, & Adams, 1994). Thus, the inspiratoryexpiratory patterns evident during speech production are more variable
relative to spontaneous breathing. Also, inspirations during speech production
are faster and deeper and expirations are generally longer and slower. In txim,
these modifications resxilt in larger and more variable lung volume events
(EKxon, 1991) and increased ventilation compared to spontaneous breathing
(Bimn & Mead, 1971; Meancock & NichoUs, 1981; Phillipson, McLean,
SuUivan, & Zamel, 1978; Warner et al., 1983).
These speech-specific breathing patterns are accomplished with
modifications in chest wall behavior. During speech production in the upright
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body position, the abdomen tends to be displaced inward relative to its relaxed
position at the prevailing lung volume. As a consequence, the "shape" of the
chest w£dl for speech production is considered to resemble that of an inverted
pear (Hixon, Mead, & Goldman, 1976). In this configuration, the abdomen acts
as a relatively stable platform against which the rib cage musculature can
contract to generate the rapid changes in alveolar pressiire necessary to drive
the larynx and upper airway (Hixon et al., 1973). In addition to providing a
platform, the inward displacement of the abdomen moves the diaphragm
headward and mechanically "tunes" it by elongating its muscle fibers and
thereby placing them at an optimal position on the length-tension
characteristic to generate rapid inspiratory pressure changes (Hixon et al.,
1976).
Although it is evident that himians modify their breathing to meet the
demands of speaking, there are occasions when the drive to breathe interferes
with this process. In humans, the drive to breathe increases automatically in
response to exercise or in response to an increase in the level of inspired COj.
Under these circumstances, ventilation increases, but the increase is actually
less pronoimced during speech production than during spontaneous breathing.
For example, Doust and Patrick (1981) reported that during heavy exercise,
ventilation rose to approximately 78 liters/min during spontaneous breathing
and to approximately 40 liters/min during speech production. In this case,
speech production attenuated the ventilatory response to exercise by
approximately half. Similarly, Bimn and Mead (1971) found that when
subjects inspired a COj-rich gas, ventilation increased by as much as 3
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liters/min during spontaneous breathing, whereas ventilation increased by only
1 liter/min during speaking xmder the same conditions. Thus, a reduction in the
ventilatory response may help preserve the ability to communicate orally even
in those circumstances when the drive to breathe is very high.
In addition to reducing the ventilatory response, speech production may
also affect breathing-related perceptions. Phillipson et al., (1978) noted that
the majority of their subjects experienced considerably less "dyspnea"
(breathing-related discomfort) during speech production than during
spontaneous breathing of gas containing high levels of COj. Unfortiinately, the
authors did not describe how their subjects came to identify dyspnea as a
percept.
Observations that the ventilatory response is diminished and the
perception of dyspnea is reduced have led to the suggestion that speech
production directly influences the drive from the medullary respiratory centers
(Warner et al., 1983). Two explanations have been ofifered as to how this might
occur. Bunn and Mead (1971) suggested that the sensitivity of the "breathing
mechanism" (undefined by the authors) is altered during the performance of
goal-directed functions and, as a result, the normal response to COj is
diminished. In contrast, Phillipson et al., (1978) contended that the normal
response to COj is inhibited automatically when supramedullaiy (limbic
forebrain) structxires involved in speech production are activated. Whereas
both conclusions are plausible, both foc\as exclusively on the efifect that speech
production has upon ventilation. It is equally plausible that the
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supramedullary control of speech production is also edtered in conditions of
heightened respiratory drive (Warner et al., 1983).
There is some evidence that the control of speech production changes in
conditions of heightened respiratory drive. In the study by Bimn and Mead
(1971), the authors noted that, when subjects spoke under conditions of high
levels of inspired COj, average expiratory flow was considerably higher than
under normal drive conditions and that non-phonated expirations were
introduced in the middle and at the end of phrases. They considered this
behavior to be a means of increasing ventilation. Despite evidence that speech
production is modified by a higher-than-normal drive to breathe, Bunn and
Mead concluded that the behavioral control of speaking "overrides" the
metabolic control of breathing. Subsequent work that has examined the effect
of speech production on ventilation during exercise (Doust & Patrick, 1981),
following rebreathing (Hale & Patrick, 1987; Phillipson et al., 1978) and after
inspiring various levels of COg (Meancock & Nicholls, 1981) also focused on
ventilation and the effect that speech production has upon it. None of this
work has examined the effects of the stimulus on both components of the
interaction - - that is to say, on both ventilation and speech production.
Examination of speech production in conditions of heightened
respiratory drive is challenging because an increase in respiratory drive might
be expected to be associated with adjustments in all the speech subsystems.
In view of this possibility, it is important to approach the study of the
interaction of breathing and speech production by isolating each subsystem. A
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logical first step is to examine the respiratory system as initial site of the
interaction between the behavioral and the metabolic control of breathing.
There are at leeist three general features of the respiratory apparatus
that may change in conditions of heightened respiratory drive: the
configuration of the chest wall, relative voltune contribution of the rib cage to
limg volimie change, and properties of chest wall displacement. First, there
may be subtle adjvistments in chest wall configuration such that the size of the
abdomen decreases while that of the rib cage increases relative to the sizes
employed during speech production in normal drive conditions. Because a
ventilatory stimulus such as exercise or high COj, drives the speaker to inspire
more deeply and more often, the "tuning" of the diaphragm by the abdomen
becomes increasingly important for preserving the temporal patterns of
speech breathing cycle. Inward movement of the abdomen wo\ild allow the
speaker to effect more rapid inspirations and preserve the same temporal
patterns for inspiration and expiration as they would for speech production in
normal circumstances.
Second, the relative volume contribution of the rib cage to Ixmg volume
change during speech production in conditions of heightened respiratory drive
may exceed that for speech production under normal conditions. Because the
rib cage encases a greater portion of the surface area of the limgs than the
diaphragm-abdomen, the rib cage can effect large changes in limg volume more
efficiently than can the diaphragm-abdomen. Therefore, if a ventilatory
stimulus such as COj drives the speaker to increase the depth and fi*equency
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of inspiration, it seems probable that the increase in ventilation would be
produced by the rib cage rather than by the diaphragm-abdomen.
Finally, in view of the increases in both the depth and frequency of
inspiration, it is probable that both the amplitude and rate of the displacement
of the respiratory system alter during speech production in conditions of
heightened respiratory drive. Thus, large volumes of gas move quickly into and
out of the respiratory system effecting an increase in ventilation. This notion
is further supported by Bunn and Mead's (1971) original observations with
respect to airflow measured from the respiratory system dviring speech
production in a COj-rich gas.
Although changes in the configuration, relative volume contributions
and amplitude and displacement of the chest wall may be predicted on the
basis of previous studies (Bunn & Mead, 1971; Grimby, Bunn, & Mead, 1968),
the effect of heightened respiratory drive on speech production is not known.
The purpose of the present investigation was to characterize the behavior of
the chest wall during spontaneous breathing and speaking in heightened
respiratory drive and to determine the effect of heightened respiratory drive on
speech production.
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METHOD

Subject Criteria
Healthy men between the ages of 18 and 30 years were stuciied. This age
range was selected to control for age-related differences in general respiratory
function and speech breathing (Boren, Kory, & Syner, 1966; Hoit & Hixon,
1987). All subjects were in good general health with normal respiratory status
and normal speech, language, vision, and hearing (imaided). They were General
American native English speakers, non-smokers, and without training or
experience in acting, public speaking, singing, or yoga. All subjects were free of
skeletal abnormality, without history of major surgery or injury involving the
speech production mechanism, without neural disease, and free of any
medications that could affect nervous system function. Due to the physical
constraints imposed by the experimental apparatus, subjects were required to
be less than or equal to 6 feet 2 inches in height, and have no fear of confined
spaces.

Subject Selection
To determine if a potential subject met the above criteria, several
screening procedures were used. The first was a brief telephone interview
(refer to Appendix A - Subject Interview). If the information obtained
suggested that the interviewee met the criteria for the study, he was scheduled
to come to the laboratory for a preliminary session. The preliminary session (1
hour) consisted of the screening procedures outlined below, followed by an
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overview of the experiment and familiarization with the experimental set-up
(refer Appendix B - Subject Consent Form).
Screening included tests of forced vital capacity (FVC) and forced
expired volume in one second (FEVi.o) which are indicators of respiratory
restriction and obstruction. FVC is the maximal volume of gas that can be
forcefully and rapidly exhaled after full inspiration and is expressed in liters (L).
FEVi is the volume of gas exhaled in the first second of a forceful and rapid
expiration and is expressed as a percent of FVC (i.e., FEVi /FVC x 100). Both
FVC and FEVi were compared with predicted values for healthy age and
height equivalents (Boren, Kory, & Syner, 1966). Only individuals with a FVC
that was +/- 0.5 L of age and height eqmvalents and a FEVi that equaled or
exceeded 80% were included in the study (Boren et al., 1966).
Hearing was screened using pure tone audiometry at each of the
following frequencies: 250, 500, 1000, 2000, 4000, and 8000 Hz, at 20 dB HL.
Height and weight were measured. Screening of speech and oral reading was
conducted by having the potential subject read aloud a paragraph (refer to
Appendix C - The California Passage). Speaking and reading ability were
judged for acceptability by the experimenter, a speech-language pathologist.
To be included as a subject, reading had to be fluent.
Following these screening procedures, the subject's physical and
psychological comfort within the experimental apparatus (refer to
Experimental Apparatus below) was determined. Initially, the subject sat
inside the apparatus for several minutes with the dome up. While the subject

25
sat in the apparatiis, adjustments were made to ensure that he had adequate
back support, feet support, neck room, and head room. The subject then sat
for several minutes with the dome down. Once it was established that the
subject was comfortable, transcutaneous blood gas and blood pressure
readings were obtained during spontaneous breathing in room air (5 min) and
during spontaneous breathing in higher-than-normal levels of carbon dioxide
(COj) and oxygen (Oj) (5 min) (refer to Gras Conditions below). This established
the subject's baseline and hypercapnic transcutaneous partial pressures of
CO2 (TcPCOa) and Oj (TcPOj) and baseline and hypercapnic blood pressures,
respectively.
Only those individuals with an increase of 12 mmHg (+/- 2 mmHg) from
baseline TcPCOj under the High-COj condition were included as subjects (refer
to Appendix D - Preliminary Blood Gas Screening). This restricted range was
selected to maximize the homogeneity of the response to the stimulus. Only
those individuals with systohc and diastolic pressures that fell within the
normal range for healthy men of corresponding age (Altman & Dittmer, 1964)
were included.
A total of 20 men participated in the preliminaiy screening sessions.
From this group, 10 men met all the aforementioned criteria and were invited
to participate as subjects. Table 1 contains details of these 10 subjects' age,
height, weight, and vital capacity (seated).
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Experimental Apparatus
The subject was seated in a custom-made apparatus into which gas
could be delivered (refer to Figure 1 - Experimental Configuration). The
apparatus comprised a three-walled chamber and an attached Plexiglas™
dome that could be lowered over the subject's head. The chamber was divided
into two compartments - - a body compartment sind a head compartment - by two pieces of Plexiglas™ cut to fit aroimd the subject's neck. The body
compartment was open to room air. The head compartment had two openings,
one in the rear at neck level for gas delivery, and one in the front at mouth level
for gas escape. The gas supply was stored in two tanks located external to the
chamber. Gas flow to the chamber was routed through a 1" diameter
corrugated breathing tube connected to a flow regulator (Model M2 280 PG,
Neon Controls, CA) and rotameter (Model M2 540 FM, Aalborg Instruments,
Monsey, NY) moimted on each of the gas tanks. The subject was seated in the
chamber facing away from the gas tanks with his back and feet supported.
The subject was fitted with a double-barreled nasal cannula that was
placed in the anterior nares and connected to a clinical monitor (4700 OxiCap,
Ohmeda, Arlington, TX). This arrangement was used to sense the level of
inspired COg (mmHg) and inspired Og (mmHg). The subject also was fitted
with a pulse oximeter finger probe to monitor arterial oxygen satxiration (SpOj,
%) and pulse (beats/minute). SpOj output signals were recorded directly on an
FM recorder (Model 820, A-R. Vetter, Rebersburg, VA). The subject's pulse
was recorded by hand at 1 Tnin intervals throughout spontaneous breathing
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Table 1. Physical characteristics of the 10 men selected as subjects for the
study.
Subject

Age

Height

Weight

Vital Capacity

(yr)

(cm)

(kg)

(L)

1

19

172

77

4.80

2

25

172

71

5.35

3

25

172

66

5.50

4

28

170

61

4.00

5

23

180

76

5.20

6

23

167

76

5.10

7

29

165

66

4.40

8

18

175

81

5.05

9

20

180

77

4.95

10

22

170

73

5.25
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and speaking tasks in each of the gas conditions. The subject's blood pressure
was recorded by hand at the end of the fourth minute of spontaneoiis breathing
in each of the gas conditions.
The subject was fitted with a transcutaneous blood gas monitoring
device (TCM3-2, Radiometer America, Westlake, OH). This device included a
small sensor that was taped to the skin overlying the pectoralis major muscle,
adjacent to the clavicle. It enabled in vivo transcutaneous monitoring of the
capillary partial pressures of COj (TcPCOj, mmHg) and Og (TcPOg, mmHg).
TcPCOg and TcPOj output signals were processed electronically and recorded
on an FM recorder. Transcutaneous blood gas monitoring was continuous
throughout the preliminary and the recording sessions.
The subject was fitted with linearized magnetometer coils (GMG Scientific
Inc., 1980) a generator-sensor coil pair was attached at mid-stemal level and a
generator-sensor coil pair was attached at the level of the vmibilicxis. The
generator coil in each pair was attached to the fi-ont of the torso at the midline
and the sensor coil of each pair was attached to the back of the torso at the
midline. Output signals fi-om the two sensors reflected changes in the antero
posterior dimensions of the rib cage and abdomen. Signals were processed
electronically and recorded on FM tape. The signals were also displayed on a
storage oscilloscope for monitoring throughout the experiment. These signals
were used to obtain estimates of the volumes of the rib cage, abdomen, and
lung.
The speech signal was sensed by a microphone (AKG C451EB, AKG
Acoustics, Vienna, Austria), amplified, and recorded on a direct-record

gas inlet port

gas outlet port

Figure 1. Experimental configuration
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channel of an FM recorder. A video camera and recorder were iised to
videotape the subject throughout the recording session. The videotape
recorded the orientation of the subject's head throughout the recording session
and any extraneoiis movements the subject may have made.

General Procedures
The recording session lasted approximately 90 minutes. Data were
recorded in three gas conditions.

Gas Conditions.
The experiment included three gas conditions: a Room-Air condition, a
Tank-Air condition, and a High-COj condition. The Room-Air condition was
presented first. The order of presentation of the Tank-Air and High-COj
conditions weis counterbalanced across subjects. In the Room-Air condition
the subject completed all tasks with the Plexiglas™ dome in the up position
(refer to Figure 2 - Dome positions). In both the Tank-Air and High-COj
conditions the dome was down. In the Tank-Air condition, air (21% Oj, 0.04%
COj, 78.96% Nj) was delivered fi-om a tank to the head compartment of the
chamber. In the High- COg condition, a gas that comprised higher-than-normal
levels of CO2 and O2 (7% COj, 93% Oj) was delivered fi-om a tank to the head
compartment of the chamber.
The Room-Air condition provided a means of gauging the effect that the
dome and/or the noise of the gas entering the head compartment had on the
subject's performance in the Tank-Air and High-COj conditions. Were these
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Figure 2. Dome up and dome down positions.

32
factors to have an effect on subject performance, it would be revealed in the
contrast between the Room-Air and Tank-Air conditions.
The Tank-Air condition provided comparison data for tasks performed in
in High-COj. Because the subjects were not aware of the order of the gas
conditions, the Tank-Air condition also provided a means of gauging the effects
of anxiety on breathing behavior independent of the ventilatory stimulus.
The High-COj condition was used to stimulate breathing. The gas
mixture was hyperoxic to counteract the possibility of a h3T)ercapnic/h)T)oxic
interaction.
To minimize the possibility of the subject rebreathing expired air during
the Tank-Air and High-COj conditions, airflow through the head compartment
was maintained at 50-55 Li/min. To minimize the possibility that the subject
could inspire room air via the anterior portal (refer to Figure 1 - Experimental
configuration) the subject tiimed his head to the right, away fi-om the anterior
portal (refer to Figure 3 - Head orientation) for all tasks. For this reason, the
passage for the oral reading task was positioned at eye level on the subject's
right side (using a music stand).

Performance Tasks.
Performance tasks included chest wall maneuvers, spontaneous
breathing, and speaking. Chest wall maneuvers were completed while the
subject was seated in the chamber with the dome in the open position.
Spontaneous breathing and speaking tasks were completed in each of the

Figure 3. Head orientation.
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three gas conditions. In each condition, the spontaneous breathing task
preceded the speaking task.

Chest Wall Maneuvers.
Chest wall maneuvers included isovolume maneuvers, vital capacity
maneuvers, mid-range lung volume maneuvers, abdominal capacity
maneuvers, and relaxation maneuvers. Isovolume maneuvers were performed
to establish the functional relationships between the relative motion of the two
chest wsdl parts, rib cage and abdomen, from which volimie-motion
relationships were determined. To perform sin isovolume maneuver, the
subject held his breath at the resting end-expiratoiy level (RED and slowly
displaced volume back and forth between the abdomen and rib cage. Several
isovolume maneuvers were performed.
Vital capacity maneuvers defined the subject's manipulable range
oflimg voltunes. For these maneuvers, the subject wore a nose clip and was
coupled to a wet spirometer (Warren E. Collins, Braintree, MA) via a
mouthpiece (Respigard-II, Marquest, Englewood, CO). The subject performed
a combined inspiratory capacity (IC) and vital capacity (VC) maneuver. For
this maneuver, the subject inspired fully from his REL and then expired fiilly.
The volume of the inspired air provided an estimate of the IC and the volxmie of
expired air provided an estimate of the VC. The expiratory reserve volimie
(ERV) was derived (i.e., VC-IC = ERV). Three of these maneuvers were
completed by the subject. The largest voliune expired over the three trials was
taken as the subject's VC. VC maneuvers were also used to determine the
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subject's rib cage capacity. That is, the minimum and maximum rib cage
volimies generated during the vital capacity maneuver were tsiken to delSne
the subject's range of rib cage volumes or rib cage capacity.
Mid-range lung volume maneuvers were completed to ensxire the
acciiracy of the volimie calibration from the VC maneuver. To perform these
maneuvers the subject wore a nose-clip and was coupled to the wet spirometer
via a mouthpiece. He inspired to approximately 20% VC from REL, then
expired approximately 40% VC. Two of these maneuvers were completed by
the subject.
Abdominal capacity maneuvers defined the range of abdominal volumes
for each subject. To perform these maneuvers the subject held his breath at
10% VC and displaced his abdomen inward maximally. Next, while holding his
breath at approximately 80% VC, he displaced his abdomen outward
maximally. Each of these maneuvers was repeated once. The maximum
inward displacement and the maximum outward displacement of the abdomen
defined the subject's maximum range of abdominal volumes or abdominal
capacity. It should be noted that these abdominal capacity maneuvers
probably encompassed a larger range of abdominal volimies than those
performed at REL (e.g., Hoit & Hixon, 1987).
Relaxation maneuvers allowed inferences to be made regarding
muscular forces acting on the breathing apparatus. For these maneuvers the
subject was instructed to stop breathing at REL and to completely relax his
breathing muscles. Relaxation maneuvers were completed before and after
each of the spontaneous breathing and speaking tasks.
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Spontaneous Breathing.
For this task the subject was instructed to sit quietly for 5 min. The
subject was instructed to relax but to remain alert with eyes open. The data
obtained during spontaneous breathing provided information on breathing
behavior not associated with speech production and provided a reference to
which speech production data could be compared.

Speaking.
In the Room-Air condition, the subject was instructed to sit as still as
possible and to read aloud a passage (refer to Appendix C - The California
Psissage) at conversational loudness. The passage has been used in other
speech breathing studies and was selected for inclusion principally on the basis
of its varied sentence length and sentence structure and the availability of
normative data (Hoit & Hixon, 1987). In the Tank-Air and High-COa
conditions, the subject was asked to read aloud the passage and to maintain
conversational loudness despite the backgroxind noise produced by the flow of
gas. The subject read the passage twice without stopping, this took
approximately 2 mins.

Subject Debriefing.
Following the final gas condition, the subject remained seated within the
apparatus with the dome in the open position for several minutes. At this
time, the subject was given the opportianity to talk about the experiment.
Specifically, the subject was prompted by a series of open-ended questions to
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report his perceptions related to breathing, speaking, anxiety, effort level,
smell, vision, and taste diiring spontaneous breathing and speaking in each of
the gas conditions.
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DATA REDUCTION AND ANALYSIS

General
The six channels of recorded data (TcPCOj, TcPOj, SpOj, rib cage,
abdomen, and voice) were digitized and stored using customized software
(LabView, National Instruments Corporation, Austin, TX). Consecutive
spontaneous breathing and speaking cycles were analyzed. For spontaneous
breathing, measurements were made from all breath groups in the fourth and
fifth minute in each gas condition. Only these data were included to allow time
for the stimulus (i.e., high-COj) to take effect. For speaking, measxirements
were made from all breath groups produced in the reading task in each gas
condition.
Blood gas data were analyzed to obtain measvires of TcPCOj and TcPOj
(rmnHg). TcPCOj and TcPOg values were then averaged over the sample time
to obtain the baseline and hjrpercapnic values.
Chest wall kinematic data from the rib cage and abdomen
magnetometer signals were analyzed as follows. A data chart was constructed
for each subject from the recordings of the chest wall maneuvers. The chart
comprised a vertical axis representing rib cage volume (in percent rib cage
capacity, %RCC), and a horizontal axis representing abdominal volume (in
percent abdominal capacity, %ABC). Percent vital capacity was displayed on
a third axis that bisected the right angle formed by the rib cage volume and
abdominal volimie axes.
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Following construction of the chart, the data were displayed on a
computer. The following measures were obtained from the expiratory limb of
spontaneous breathing and speaking cycles: (a) lung volume at the initiation of
expiration (LVI in %VC); (b) limg volvune at the termination of expiration (LVT
in %VC); (c) lung volvime exctarsion (LVE in %VC); (d) percent rib cage
contribution to liing volimie change (%RC); (e) rib cage volume at the initiation
of expiration (RCVI in %RCC); (f) rib cage volume at the termination of
expiration (RCVT in %RCC); (g) rib cage volume exctirsion (RCVE in %RCC);
(h) abdomen volvune at the initiation of expiration (ABVI in %ABC); (i)
abdomen volxame at the termination of expiration (ABVT in %ABC); and (j)
abdomen volume excursion (ABVE in %ABC).
Time-motion plots of summed rib cage and abdomen signals (lung
volimie) were \ised to obtain several additional measures. These measures
were: (a) inspiratory time (in sec); (b) expiratory time (in sec); (c) inspiratory
flow (in hters per second, L/sec); and (d) expiratory flow (in liters per second,
L/sec), Measures of breathing frequency (breaths/min) were obtained by
dividing the total time by the total number of inspirations. Measures of tidal
volume (TV) were obtained by converting LVE to absolute values (in L).
Measures of minute volume (in L/min) were obtained by multipljdng tidal
volimie and breathing frequency.
The ventilatory response to CO2 (LPM/mmHg) was obtained by
subtracting TcPCOj in Tank-Air from TcPCOg in High-COj and subtracting
minute volume in Tank-Air from minute volume in High-COj. The difference
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between TcPCOj in Tank-Air and High-COj was then divided by the difference
between minute volume in Tank-Air and High-COaAdditional analyses were applied to the speaking data. Time-motion
plots of the summed rib cage and abdomen signal were displayed along with the
audio signal to obtain measures of speech duration, syllables per breath group,
articulation rate, and lung volume excursion per syllable. Measures of speech
duration (in sec) were determined by summing the duration of speech for the
breath group exclusive of non-phonated expirations. Syllables per breath
group were tabulated from transcripts of the reading passage that had been
marked for inspiratory/expiratory boundaries. Measures of articulation rate ~
defined as the number of syllables per duration of speech ~ were obtained by
dividing the duration of speech by the nimaber of syllables for each breath
group. Measures of lung volume excursion per syllable (L/syll) were obtained
by converting Ixmg volume excursion of a breath group (in %VC) (exclusive of
non-phonated expirations) to liters (L), and dividing by the number of syllables
uttered in the breath group.
Speech breath groups were categorized according to breath group type
based on presence or absence of non-phonated expirations and the location of
the non-phonated expiration within the breath group. On this basis, five
breath group types were identified and were designated as follows:
Type 1 - speech only
Tjrpe 2 - speech + expiration
Type 3 - expiration + speech
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Type 4 - speech + expiration + speech
Type 5 - expiration + speech + expiration.

Descriptive Statistical Analysis
Individual subject means and group means and standard deviations
were obtained for, LVI, LVT, LVE, %RC, RCVI, RCVT, RCVE, ABVI, ABVT,
ABVE, inspiratory and expiratory time, inspiratory and expiratory flow,
breathing frequency, tidal

volume, minute volume, and ventilatory response to

COj for spontaneous breathing and speaking in each of the three gas
conditions. Individual subject means and group means and standard deviations
were also computed for speech-related measures including duration of speech,
syllables per breath group, articulation rate, and lung voliame exciirsion per
syllable.

Inferential Statistical Analysis
A repeated measiares analysis of variance was used for the following
measures: LVI, LVT, LVE, %RC, RCVI, RCVT, RCVE, ABVI, ABVT, ABVE,
inspiratory and expiratory time, inspiratory and expiratory flow, minute
volimie, breathing frequency, and tidal volume. Significant effects were tested
when appropriate using pairwise contrasts with significance levels adjusted by
the Bonferroni procedure or Tukey Honestly Significant Difference (HSD)
procedxire. The Tukey (HSD) procedxire (Room-Air x Tank-Air, Tank-Air x
High-COg, Room-Air x High-COj) was applied to the speech-related measures.
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RESULTS

Repeated measxires analysis of variance revealed significant task
(spontaneous breathing x speaking), condition (Room-Air x High-COj and
Tank-Air x High COg), and interaction (task x condition) effects (see
Appendices E and F). A posteriori contarasts indicated no significant differences
between Room-Air and Tank-Air conditions for any of the variables, with one
exception. This exception was that inspiratory time dviring spontaneoiis
breathing in Room-Air was significantly shorter than in Tank-Air [F(l,18) =
11.04, p = .003]. Despite reaching significance, the difference was only 0.26 sec
and was not considered meaningful. On this basis, Room-Air and Tank-Air
conditions are considered equivalent and only results for Tank-Air are reported.

General
As anticipated, the physiologic variables of blood pressure and SpOj
remained relatively constant across gas conditions. Blood pressure in the
Tank-Air condition was between 110/70 to 120/80 for all subjects. Blood
pressure remained unchanged in eight subjects in the High-COj condition. In
two subjects (5, 10), blood pressxire increased to 136/90 and 130/80,
respectively, in the High-COj condition. SpOg values were 97% or higher and
TcPOg values were 75 mmHg or higher for all subjects throughout the entire
recording session.
Results pertaining to Tank-Air and High-COj conditions are disciassed
under the major headings of blood gas data, chest wall kinematic data, speech-
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related data, and subject perceptions. Results of a posteriori contrasts are
presented in the text. In each case, task effects are reported first followed by
condition effects.
The section on blood gas data presents resiilts for TcPCOj. The section
on chest wall data is divided into subsections that deal with minute voliame,
breathing fi-equency, tidal volume, ventilatory response to COj, lung volume
events, relative volume contribution, rib cage volume events, abdominal
volimie events, chest wall history, inspiratory and expiratory time, and
inspiratory and expiratory flow. The section on speech-related data presents
measures of speech diiration, number of syllables per breath group,
articulation rate, and lung volimie excursion per syllable. It also contains
results regarding breath group tjrpes. The section on subject perceptions
presents observations made dining the debriefing period at the end of the
experiment. Included in this section are the descriptors voliinteered by
subjects when they were asked to describe breathing and speaking in Tank-Air
and breathing and speaking in High-COj.

Blood Gas Data
As described \mder METHOD, subject candidates' TcPCOj during
spontaneoiis breathing in Room-Air and High COj was determined in the
preliminary screening session (refer to Appendix D). This established what
was termed the candidate's baseline and hjrpercapnic TcPCOj. Only those
candidates whose TcPCOj increased in High-COg by 12 mmHg (+/- 2 mmHg)
fi*om baseline TcPCOg were included as subjects in the study proper.
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Table 2 contains subjects' average baseline and hj^ercapnic TcPCOj
and the difference between them obtained during spontaneotis breathing and
speaking during the study proper. Because the Tank-Air condition was the
same as the Room-Air condition the comparison of the results obtained in the
preliminary screening session to the study proper is an appropriate one.
The average baseline (Room-Air) TcPCOj obtained from the present
group was 36 mmHg (range 33-40 mmHg) during spontaneous breathing and
35 mmHg (range 30-38 mmHg) during speaking. The average h3npercapnic
TcPCOj was 49 mmHg (range 44-52 mmHg) during spontaneous breathing
compared with 50 mmHg (range 44-53 mmHg) during speaking.
D\iring spontaneous breathing the shift from baseline ranged from 10-17
mmHg. Seven subjects (1, 2, 3, 4, 5, 6, 7) exhibited TcPCOj changes that were
within the 12 mmHg (+/- 2 mmHg) range. In the remaining subjects, the shift
from baseline exceeded this range by 1-3 mmHg. During speaking, the shift
from baseline ranged from 11-19 mmHg.
Figure 4 depicts TcPCOj for each subject for each task performed in
Tank- Air and High-COj. As shown, TcPCOj during spontaneous breathing
was higher than TcPCOj dviring speaking in half the subjects (1, 2, 3, 4, 5). In
two subjects (8, 10), TcPCOj dvuing spontaneovis breathing was slightly lower
than TcPCOj during speaking. In the remaining subjects, there was no
appreciable difference in TcPCOj across the tasks.
In High-COj, TcPCOg during spontaneous breathing was lower relative
to speaking in the majority of subjects. In two subjects (1, 6), there was no
appreciable difference in TcPCOj across the tasks.
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Table 2. Average TcPCOg during spontaneous breathing and speaking and the
difference in TcPCOj between the two gas conditions for spontaneoxis
breathing and speaMng for each subject.
Room-Air
Subject
1

Spon.
Speaking
Breathing
39
38

Difference

High-CO^
Spon.
Breathing
49

Speaking
49

Spon. Breathing/
Speaking
10/11

2

38

37

48

50

10/13

3

36

30

46

49

10/19

4

40

35

51

53

11/18

5

39

38

51

52

12/14

6

33

33

44

44

11/11

7

36

36

48

53

12/17

8

33

35

49

52

16/17

9

37

37

52

53

15/16

10

34

35

51

52

17/17

46

Tank-Air

Figxire 4. TcPCOj (mmHg) for each subject during spontaneous breathing (BR)
and speaking (SP) in Tank-Air and High-COj.

Chest Wall Data
Minute Volume.
Group means and standard deviations for minute volimie during
spontaneous breathing and speaking in Tank-Air and High-COg are presented
in Figure 5. In Tank-Air, group means for minute volxime were 6.23 (SD =
1.16) and 8.18 (SD = 2.48) LPM during spontaneous breathing £ind speaking,
respectively. Analysis of variance revealed no significant difference in minute
volume across tasks performed in Tank-Air [F(l,9) = .27, p = .612].
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In High-COj, group means were 24.17 (SD = 6.35) and 21.45 (SD = 6.23)
LPM during spontaneous breathing and speaking, respectively. Analysis of
variance with follow-up contrasts revealed no significant difference in minute
volume across tasks performed in High-COg [F(l,9) = .27, p = .612].
The comparison of spontaneous breathing across gas conditions
revealed a significant difference in minute volume [F(l,9) = 229.71, p < .001].
Spontaneous breathing in Tank-Air was characterized by smaller minute
volamies relative to spontaneous breathing in High-COj. The comparison of
speaking across gas conditions also revealed a significant difference in minute
volumes [F(l,9) = 125.63, p < .001]. Speaking in Tank-Air was characterized
by smaller minute voliunes relative to speaking in High-COj40
30

20
10

0
Breathing
Tank-Air

Speaking
Tank-Air

Breatliing
High-C02

Speaking
High-C02

Figure 5 Group means and standard deviations for minute volume (LPM)
during spontaneous breathing and speaking in Tank-Air and High-COj.
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Breathing Frequency.
Group means and standard deviations for breathing frequency during
spontaneous breathing and speaking in Tank-Air and High-COj are presented
in Figure 6. In Tank-Air, group means for breathing frequency were 14.87 (SD
= 2.77) and 13.01 (SD = 4.09) BPM during spontaneoxis breathing and
speaking, respectively. Analysis of variance revealed no significant difference
in breathing frequency across tasks performed in Tank-Air [F(l,9) = 3.46,
p = .096].
In High-COj, group means for breathing frequency were 20.75 (SD =
6.77) and 16.12 (SD = 5.03) BPM during spontaneous breathing and speaking,
respectively. Analysis of variance indicated no significant difference in
breathing frequency across tasks performed in High-COj [F(l,9) = 3.07, 3.46,
p = .096].
30 -|

20 --

T

Breathing
Tank-Air

Speaking
Tank-Air

Breathing
High-C02

Speaking
High-C02

Figure 6. Group means and standard deviations for breathing frequency (BPM)
during spontaneous breathing and speaking in Tank-Air and High-COj.
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The comparison of spontaneous breathing across gas conditions
revealed a significant difference in breathing fi*equency [F(l,9) = 31.16, p <
.001], with spontaneous breathing in Tank-Air being characterized by lower
during spontaneous breathing and speaking in Tank-Air and High-COabreathing fi-equencies relative to spontaneous breathing in High-COj. The
comparison of speaking across gas conditions revealed no significant difference
in breathing frequency for speaking in Tank-Air as compared with speaking in
High-COj [F(l,9) = 8.70, p = .016].

Tidal Volume.
Group means and standard deviations for tidal volxime during
spontaneous breathing in Tank-Air and High-COj are presented in Figure 7. In
Tank-Air, group means for tidal volimie were 0.44 (SD = .13) and 0.64 (SD =
,21) L during spontaneous breathing and speaking, respectively. Analysis of
2
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Breathing
Tank-Air

Speaking
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Breathing
High-C02

Speaking
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Figure 7. Group means and standard deviations for tidal volume (L) during
spontaneous breathing and speaking in Tank-Air and High-C02.
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variance with follow-up contrasts revealed no significant difference in tidal
volume across tasks performed in Tank-Air [F(l,9) = 3.76, p = .083].
In High-COj, group means for tidal volxmie were 1.21 (SD = .38) and 1.37
(SD = .28) L during spontaneous breathing and speaking, respectively.
Analysis of variance with follow-up contrasts revealed no significant difference
in tidal volume across tasks performed in High-COj [F(l,9) = 2.02, p = .189].
The comparison of spontaneous breathing across gas conditions
revealed a significant difference in tidal volvime [F(l,9) = 53.25, p < .001], with
spontaneous breathing in Tank-Air being characterized by smaller tidal
volumes relative to spontaneovis breathing in High-COj. The comparison of
speaking across gas conditions also revealed a significant difference in tidal
volumes [F(l,9) = 45.94, p < .001], with spealdng in Tank-Air being
characterized by smaller tidal volumes relative to speaking in High-COj.

Ventilatory Response to COj.
Depicted in Figure 8 is the group ventilatory response (LPM/mmHg)
across gas conditions for spontaneous breathing and speaking. For
spontaneous breathing, the average increase was 1.56 LPM/mmHg, and for
speaking it was 0.97 LPM/mmHg.
Figure 9 depicts the ventilatory response to COg for each subject during
spontaneovis breathing and speaking. Those subjects who demonstrated the
smallest blood gas shift (10 mmHg) fi*om baseline in High-COj (1, 2, 3) also
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Figtire 8. Average ventilatory response to COj expressed as the change in
minute volvune (LPM) per rise in TcPCOg (mmHg) during spontaneous
breathing and speaking.
demonstrated the largest increase in LPM/mmHg of the group (1.97-3.06
LPM/mmHg) during spontaneous breathing. Conversely, subjects with the
largest blood gas shift (15-17 mmHg) from baseline (8, 9, 10) demonstrated the
smallest increase in LPM/mmHg of the group (0.52-1.23 LPM/mmHg) dxaring
spontaneo\is breathing. There was no evidence of any systematic relationship
between rise in blood gas PCOj and change in minute volume during speaking.
Seven subjects exhibited a larger ventilatory response to COg during
spontaneous breathing relative to speaking. In two subjects (8, 9) the
ventilatory response did not differ across tasks. In one subject (10) the
ventilatory response during spontaneous breathing was lower than diuing
speaking.
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Figure 9. Individual subjects' ventilatory response to COj expressed in minute
volume (LPM) per rise in TcPCOj (mmHg) dioring spontaneous breathing and
speaking.
Lung Voliune Events.
Group means and standard deviations for LVI during spontaneous
breathing and speaking in Tank-Air and High-COj are presented in Figure 10.
In Tank-Air, group means were 48.58 (SD = 3.99) and 48.15 (SD = 6.43) %VC
for LVI during spontaneous breathing and speaking, respectively. Analysis of
variance with follow-up contrasts revealed no significant difference in LVI
across the two tsisks [F(l,9) = 0.02, p = .887].
In High-COj, group means for LVI were 60.94 (SD = 6.63) and 72.79 (SD
= 8.13) %VC for spontaneous breathing and speaking, respectively. Analysis
of variance with follow-up contrasts revealed that there was a significant
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Figure 10. Group means and standard deviations for LVI (%VC) during
spontaneous breathing and speaking in Tank-Air and High-COj.

difference in LVI across tasks [F(l,9) = 16.11, p = .003]. In High-COj, LVI
during spontaneoiis breathing was smaller than during speaking.
The comparison of spontaneous breathing across gas conditions also
revealed significant differences in LVI [F(l,9) = 17.52, p = .002], with
spontaneous breathing in Tank-Air being characterized by smaller limg
volimaes at the initiation of expiration relative to spontaneous breathing in
High-COj. Similarly, the comparison of speaking across gas conditions
revealed significant differences in LVI [F(l,9) = 69.63, p < .001]. Speaking in
Tank-Air was characterized by smaller lung volumes at the initiation of
expiration relative to speaking in High-COj.
Group means and standard deviations for LVT during spontaneous
breathing and speaking in Tank-Air and High-COj are presented in Figure 11.
Group means for LVT in Tank-Air were 39.75 (SD = 4.60) and 34.54
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Figure 11. Group means and standard deviations for LVT (%VC) during
spontaneous breathing and speaking in Tank-Air and High-COg.
(SD = 6.82) %VC during spontaneous breathing and speaking, respectively.
Analysis of variance with follow-up contrasts revealed that there was no
significant difference in LVT across the tasks [F(l,9) = 4.65, p = .059].
In High-COj, group means for LVT were 36.11 (SD = 5.08) and 44.70
(SD = 10.13) %VC for spontaneous breathing and speaking, respectively.
Analysis of variance with follow-up contrasts revealed a significant difference
in LVT across the tasks [F(l,9) = 12.65, p = .006]. In High-COg the lung
volume at the termination of expiration during spontaneous breathing was
smaller relative to speaking.
The comparison of spontaneous breathing across gas conditions
revealed no significant difference in LVT [F(l,9) = 2.27, p = .166]. Conversely,
the comparison of speaking across gas conditions revealed a significant
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difference in LVT [F(l,9) = 17.70, p < .002]. Speaking in Tank-Air was
characterized by smaller lung volumes at the termination of expiration relative
to speaking in High-COj.
Group means and standard deviations for LVE during spontaneous
breathing and speaking in Tank-Air and High-COj are presented in Figure 12.
Group means for LVE were 8.83 (SD = 2.79) and 13.61 (SD = 4.82) %VC dxiring
spontaneous breathing and speaking, respectively. Analysis of variance with
follow-up contrasts revealed no significant difference in LVE across the tasks
[F(l, 9) = 5.19, p = .048].
Li High-COg, group means for LVE were 24.83 (SD = 8.09) and 28.08
(SD = 6.68) %VC during spontaneous breathing and speaking, respectively.
Analysis of variance with follow-up contrasts revealed that there was no
significant difference in LVE across tasks [F(l,9) = 2.40, p = .155].
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Figure 12. Group means and standard deviations for LVE (%VC) during
spontaneous breathing eind speaking in Tank-Air and High-COj.
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Compairisoii of spontaneoiis breathing across gas conditions revealed a
significant difference in LVE [F(l,9) = 58.10, p < .001], with spontaneous
breathing in Tank-Air being characterized by smaller lung voliune excursions
relative to spontaneous breathing in High-COj. Comparison of speaking across
gas conditions also revealed a significant difference in LVE [F(l,9) = 47.51,
p < .001]. Speaking in Tank-Air was characterized by smaller Ixmg volume
excursions relative to speaking in High-COj.

Percent Rib cage Contribution to Lung Volxmie Change.
Figure 13 shows group means and standard deviations for measures of
percent rib cage contribution to Itmg voltune change during spontaneoiis
breathing and speaking cycles in Tank-Air and High-COj. In Tank-Air, group
means were 62.86 (SD = 13.31) and 71.47 (SD = 10.37) %RC dvuing breathing
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Figure 13. Group means and standard deviations for %RC during spontaneous
breathing and speaking in Tank-Air and High-COj.

57
and speaking, respectively. Analysis of variance with follow-up contrasts
revealed no significant difference in the percent rib cage contribution across
tasks performed in this condition [F(l,9) = 6.10, p = .035].
In High-COa, group means were 64.79 (SD = 13.53) %RC and 64.09 (SD
=18.95) %RC during spontaneous breathing and speaking, respectively.
Analysis of variance with follow-up contrasts indicated that there was no
significant difference in the percent rib cage contribution to Ixing volume
change in this condition [F(l,9) = .04, p = .845].
The comparison of spontaneous breathing across gas conditions
revealed no significant difference in %RC [F(l,9) = .31, p = .593]. Similarly, the
comparison of speaking across gas conditions revealed no significant difference
in %RC [F(l,9) = 4.49, p = .063],

Rib cage Volume Events.
Group means and standard deviations for RCVI dxiring spontaneous
breathing and speaking in Tank-Air and High-COj are presented in Figure 14.
In Tank-Air, group means were 41.73 (SD = 5.86) and 45.93 (SD = 6.90) %RCC
for RCVI during spontaneous breathing and speaking, respectively. Follow-up
contrasts indicated that there was no significant difference in RCVI across
taslts performed in Tank-Air [F(l,9) = 3.65, p = .088].
In High-COj, group means were 54.25 (SD = 10.03) and 68.33 (SD =
12.58) %RCC for RCVI dviring spontaneous breathing and speaking,
respectively. Analysis of variance with follow-up contrasts indicated that
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Figure 14. Group means and standard deviations for RCVI (%RCC) during
spontaneous breathing and speaking in Tank-Air and ffigh-COj.

there was a significant difference in RCVI across tasks performed in High-COj
[F(l,9) = 41.05, p < .001]. In High-COj RCVI dxiring spontaneous breathing
was smaller relative to speaking.
The comparison of spontaneous breathing across gas conditions
revealed a significant difference in RCVI [F(l,9) = 32.39, p < .001]. RCVI
during spontaneous breathing in Tank-Air was smaller relative to RCVI during
spontaneous breathing in High-COj. Similarly, the comparison of speaking
across gas conditions revealed a significant difference in RCVI [F(l,9) =
103.81, p < ,001]. RCVI during speaking in Tank-Air was smaller relative to
RCVI during speaking in High-COj.
Group means and standard deviations for RCVT during spontaneous
breathing and speaking in Tank-Air and High-COj are presented in Figure 15.
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In Tank-Air, group means were 35.43 (SD = 5.69) and 33.68 (SD = 6.81) %RCC
for RCVT during spontaneous breathing and speaking, respectively. Analysis
of variance with follow-up contrasts indicated that there was no significant
difference in RCVT across tasks performed in Tank-Air [F(l,9) = .74,
p = .410].
In High-COg, group means were 35.38 (SD = 7.04) and 46.58 (SD =
14.49) %RCC for RCVT during spontaneous breathing and speaking,
respectively. Analysis of variance with follow-up contrasts indicated that
there was a significant difference in RCVT across tasks performed in High-C02
[F(l,9) = 30.70, p < .001]. In High-COj RCVT dioring spontaneous breathing
was smaller relative to speaking.
The comparison of spontaneous breathing across gas conditions
revealed no significant difference in RCVT [F(l,9) = .00, p = .981]. Conversely,
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Figure 15. Group means and standard deviations for RCVT (%RCC) during
spontaneous breathing and speaking in Tank-Air and High-COj.
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the comparison of speaking across gas conditions revealed a significant
difference in RCVT [F(l,9) = 40.70, p < ,001]. RCVT diiring speaking in TankAir was smsdler relative to RCVT during speaking in High-COj
Group means and standard deviations for RCVE during spontaneous
breathing and speaking in Tank-Air and High-COj are presented in Figure 16.
In Tank-Air, group means were 6.30 (SD = 3.03) and 12.24 (SD = 5.67) %RCC
for RCVE during spontaneous breathing and speaking, respectively. Analysis
of variance with follow-up contrasts indicated no significant difference in RCVE
[F(l,9) = 5.39, p = .045].
In High-COj, group means were 18.86 (SD = 8.72) and 21.75 (SD = 9.11)
%RCC for RCVE during spontaneous breathing and speaking, respectively.
Analysis of variance with follow-up contrasts indicated no significant difference
in RCVE [F(l,9) = 1.27, p = .288].
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Figure 16. Group means and standard deviations for RCVE (%RCC) during
spontaneous breathing and speaking in Tank-Air and High-COj.
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The comparison of spontaneoxis breathing across gas conditions
revealed a significant difference in RCVE [F(l,9) = 24.08, p < .001], with
RCVE during spontaneous breathing in Tank-Air being smaller relative to
RCVE in High-COj. Similarly, the comparison of speaking across gas
conditions revealed a significant difference in RCVE [F(l,9) = 13.78,
p = .004], with RCVE during speaking in Tank-Air being smaller relative to
RCVE diaring speaking in High-C02.

Abdomen Volume Events.
Group means and standard deviations for ABVI during spontaneous
breathing and speaking in Tank-Air and High-COj are presented in Figure 17.
In Tank-Air, group means were 77.76 (SD = 6.14) and 68.35 (SD = 10.95)
%ABC for ABVI during spontaneous breathing and speaking, respectively.
Analysis of variance with follow-up contrasts indicated a significant difference
in ABVI across tasks performed in Tank-Air [F(l,9) = 20.96, p < .001]. In
Tank-Air spontaneous breathing was characterized by larger ABVI relative to
speaking.
In High-COj, group means were 79.80 (SD = 5.63) and 76.05 (SD = 6.37)
%ABC for ABVI during spontaneous breathing and speaking, respectively.
Analysis of variance with follow-up contrasts indicated no significant difference
in ABVI across tasks performed in this condition [F(l,9) = 3.33, p = .101].
The comparison of spontaneous breathing across gas conditions
revealed no significant difference in ABVI [F(l,9) = .99, p = .345]. The
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Kgfure 17. Group means and standard deviations for ABVI (%ABC) during
spontaneous breathing speaking in Tank-Air and High-COg.

comparison of speaking across gas conditions revealed a significant difference
in ABVI [F(l,9) = 14.06, p = .004]. ABVI dvuing speaking in Tank-Air was
smaller relative to ABVI during speaking in High-COg.
Group means and standard deviations for ABVT during spontaneous
breathing and speaking in Tank-Air and High-COj are presented in Figure 18.
In Tsink-Air, group means were 70.81 (SD = 6.54) £ind 58.85 (SD = 12.04)
%ABC for ABVT during spontaneous breathing and speaking, respectively.
Analysis of variance with follow-up contrasts indicated a significant difference
in ABVT across tasks performed in Tank-Air [F(l,9) = 15.26, p = .003]. In
Tank-Air, ABVT during spontaneoiis breathing was larger relative to speaking.
In High-COg, group means were 60.67 (SD = 7.76) and 56.66 (SD = 9.83)
%ABC for ABVT during spontaneous breathing and speaking, respectively.
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Figure 18. Group means and standard deviations for ABVT (%ABC) during
spontaneous breathing and speaking in Tank-Air and High-COg.

Analysis of variance with follow-up contrasts indicated no significant difference
in ABVT across tasks performed in High-COg [F(l,9) = 1.71, p = .222].
The comparison of spontaneous breathing across gas conditions
revealed a significant difference in ABVT [F(l,9) = 10.96, p = .009].
Spontaneous breathing in Tank-Air was characterized by larger ABVT relative
to spontaneous breathing in High-COj. In contrast there was no significant
difference in ABVT during speaking across gas conditions [F(l,9) = .51,
p = .493].
Group means and standard deviations for ABVE during spontaneous
breathing and speaking in Tank-Air and High-COj are presented in Figure 19.
In Tank-Air, group means were 6.94 (SD = 2.62) smd 9.49 (SD = 4.96) %ABC
for ABVE during spontaneous breathing and speaking, respectively. Analysis
of variance with follow-up contrasts indicated that there weis no significant
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Figure 19. Means and standard deviations for ABVE (%ABC), diiring
spontaneous breathing and speaking in Tank-Air and High-COg.
difference in ABVE across tasks performed in Teink-Air [F(l,9) = 1.79, p =
.213].
In High-COj, group means were 19.13 (SD = 5.03) and 19.39 (SD = 6.66)
%ABC for ABVE during spontaneous breathing and speaking, respectively.
Analysis of variance with follow-up contrasts revealed that there was no
significant difference in ABVE across tasks performed in High-COj [F (1,9) =
.02, p = .8941.
The comparison of spontaneous breathing across gas conditions
revealed a significant difference in ABVE [F(l,9) = 40.79, p < .001].
Spontaneous breathing in Tank-Air was characterized by smaller ABVE
relative to spontaneous breathing in High-COa- The comparison of speaking
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across gas conditions revealed a significant difference in ABVE [F(l,9) = 26.88,
p < .001]. ABVE during speaking in Tank-Air was smsdler than ABVE during
speaking in High-COj.

Chest Wall History.
Figxires 20 and 21 contain representative chest wall kinematic data
tracings for spontaneous breathing in Tank-Air and High-COg, respectively. In
each panel the percentage of rib cage capacity (%RCC) is shown on the
vertical axis, increasing upward, with 0 and 100 representing the smallest and
largest rib cage volumes, respectively. The percentage of abdominal capacity
(%ABC) is shown on the horizontal axis, increasing rightward, with 0 and 100
representing the smallest and largest abdominal volumes, respectively. The
filled circle in each panel represents the configuration of the chest wall during
relaxation at REL. The cvirved solid line in each panel is an estimate of the
continuum of chest wall configurations that would have been measured had the
subject relaxed at all limg volvimes ~ that is, the relaxation characteristic. The
estimate is based on relaxation characteristics of other healthy men (EUxon et
al., 1973,1976). The dashed diagonal line in each panel represents the
adjusted (-1 slope) REL isovolxmie line.
Each tracing depicts one respiratory cycle. The asterisk indicates the
start of the inspiratory limb of each cycle. A tracing of a spontaneous
breathing cycle in Tank-Air is shown in panel (a), and tracings of spontaneous
breathing cycles in High-COg are shown in panel (b).
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Figure 20. Representative kinematic tracings for subjects 4, 1, and 9 during
spontaneous breathing in Tank-Air and High-COj

Most spontaneous breathing cycles in Tank-Air resembled that depicted
in panel (a) in Figure 20. In Tank-Air, the majority of subjects (1, 3, 4, 5, 6, 8,
10), initiated inspirations slightly to the left of the relaxation characteristic. In
three subjects (2, 7, 9) the end-expiratoiy point coincided with the presimied
relaxation characteristic. In general, spontaneous breathing cycles were
initiated and terminated within a range of30-40% VC, and subjects displaced
approximately 10% VC during both the inspiratory and expiratory phase of
each cycle. Seven subjects (1, 3, 4, 6, 7, 9, 10), showed relative volume
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contributions for inspiration and expiration that generally involved rib cage
predominance such as that shown in Figure 20a. In the remaining subjects,
the relative volume contribution of the rib cage was approximately equal to
that of the abdomen.
During spontaneous breathing in High-COj kinematic tracings
resembled one or the other in panel (b) of Figure 20. Nine subjects breathed to
the left of the presumed relaxation characteristic. In these subjects the
volume of the rib cage was considerably larger and the volmne of the abdomen
was smaller both with respect to the presimied relaxation characteristic at a
given lung voltime, and with respect to spontaneoiis breathing in Tank-Air. In
the remaining subject (2) spontaneous breathing occurred along the presimied
relaxation characteristic above REL, and to the left of the characteristic below
REL.
For the majority of subjects (1, 3, 4, 6, 7, 8, 10), kinematic tracings
resembled that in the left side of panel (b). In these subjects, expiratory limbs
of each cycle were initiated within a range of volumes encompassing 75-65%
VC, and terminated at lung volumes near REL. For these subjects, the
relative volume contribution of the rib cage during both the inspiratory and
expiratory limbs of the cycle exceeded that of the abdomen
Two subjects (5, 9), had kinematic tracings which resembled that in the
right side of panel (b). In these subjects expiratory limbs were initiated within
a range of volumes encompassing 85-75% VC and terminated at Ivmg volxmies
well above REL. In these subjects, the volume contribution of the rib cage and
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abdomen were approximately equal with the average contribution continuously
changing.
In the remaining subject (2), expiratory limbs of each cycle were
initiated within a range of volumes encompassing 50-40% VC, and terminated
below REL. In this subject the relative volume contribution of the rib cage and
abdomen varied. This subject demonstrated relative volume contributions
that frequently involved a predominance of abdomen displacement.
Representative data for speaking in each gas condition are shown in
Figure 21. A tracing for a speaking cycle in Tank-Air is shown in panel (a). In
all cases, speech breathing occiirred to the left of the presumed relaxation
characteristic. Thus, the voliime of the rib cage was larger and the volimie of
the abdomen was smaller with respect to relaxation at a given Ivmg vol\une.
TVpically, speaking in Tank-Air was initiated above REL (between 6050% VC), and terminated below REL (30-20% VC). Subjects generally
displaced between 20-25% VC during the inspiratory and expiratory phases of
each cycle. In all cases the relative volume contribution of the rib cage
exceeded that of the abdomen.
Representative data tracings for speaking in High-COj are shown in
panels (b) in Figure 21. Inspiratory limbs of speaking cycles occurred to the
left of the presumed relaxation characteristic in the majority of subjects (1, 3,
4, 5, 8, 9,10). Accordingly, the volimie of the rib cage was larger and the
volume of the abdomen smaller with respect to the presimied relaxation
characteristic. In three subjects (2, 6, 7), the inspiratory limbs of speaking
cycles approximated the presximed relaxation characteristic.
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Expiratory limbs of speaking cycles closely approximated inspiratory
limbs in five subjects (1, 3, 6, 8,10). Accordingly, the volume of the rib cage
was larger and the volume of the abdomen smaller with respect to the
presumed relaxation characteristic. In the remaining subjects (2, 4, 5, 7, 9),
the expiratory limbs of speaking cycles deviated farther leftward fi:om the
characteristic.
Data tracings generally resembled that in the left side of panel (b) in four
subjects (1, 3, 6, 10). In these subjects expiratory limbs were initiated within a

Abdomen volume
a. Tank-Air.
Subject 4.

b. High-C02.
Subjects 1 and 9.

Figure 21. Representative kinematic tracings for subjects 4,1, and 9 during
speaking in Tank-Air and High-COa-
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range of volumes encompassing 95-70% VC, and terminated at limg volumes
approximating REL. In two subjects (5, 9), data tracings generally resembled
that in the right side of panel (b). In these subjects expiratory limbs were
initiated and terminated at lung volimies well above REL. In three subjects (2,
4, 7) data tracings resembled a combination of the tracings in both sides of
panel (b). In these subjects, expiratory limbs were terminated at a range of
limg volumes some approximating REL and some well above REL in ways that
closely resembled their spontaneous breathing. In the remaining subject (8),
the majority of expirations were initiated at 60-50% VC and terminated below
REL (35-25% VC).
As the data tracings indicate, during speaking in High-COa the relative
vol\mae contribution of the rib cage and abdomen varied across subjects. In
five subjects (1, 3, 6, 8, 10), the relative voliune contribution of the rib cage
clearly exceeded that of the abdomen in both the inspiratory and expiratory
limbs of the cycle. In two subjects (5, 9), the average relative volume
contribution of the abdomen approximated that of the rib cage in both the
inspiratory and expiratory limbs of the cycle. In three subjects (2, 4, 7), the
relative volume contribution of the rib cage predominated diiring the
inspiratory phsise of speech breathing cycles whereas d\iring the expiratory
phase the relative volume contribution of the abdomen approximated that of
the rib cage.
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Inspiratory and Expiratory Time.
Group means and standard deviations for inspiratory time during
spontaneous breathing and speaking are presented in Figure 22. In Tank-Air,
group means were 1.60 (SD = 0.28) and 0.59 (SD = 0.11) sec for inspiratory
time dxjring spontaneous breathing and speaking, respectively. Analysis of
variance with follow-up contrasts indicated that there was a significant
difference in inspiratory time across tasks performed in Tank-Air [F(l,9) =
117.25, p < .001]. In Tank-Air inspiratoiy time during spontaneous breathing
was longer than during speaking.
In High-COj, group means were 1.39 (SD = 0.10) and 0.66 (SD = 0.13)
sec for inspiratory time during spontaneous breathing and speaking,
respectively. Analysis of variance indicated that there was a significant
difference in inspiratory time across tasks performed in High-COj [F(l,9) =
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Figure 22. Group means and standard deviations for inspiratory time (sec)
dxiring spontaneoiis breathing and speaking in Tank-Air and High-COg.
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60.93, p < .001]. In High-COj inspiratory time during spontaneous breathing
was longer than during speaking.
The comparison of spontaneoiis breathing across gas conditions
revealed no significant difference in inspiratory time [F(l,9) = 5.32, p = .046].
Similarly, the comparison of speaking across gas conditions revealed no
significant difference in inspiratory time [F(l,9) = .51, p = .491].
Group means and standard deviations for expiratory time during
spontaneous breathing and speaking are presented in Figure 23. In Tank-Air,
group means were 2.56 (SD = 0.55) and 4.44 (SD = 1.42) sec for expiratory
time during spontaneous breathing and speaking, respectively. Analysis of
variance with follow-up contrasts indicated that there was a significant
difference in expiratory time across tasks performed in Tank-Air [F (1,9) =
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Figure 23. Group means and standard deviations for expiratory time (sec)
during spontaneoiis breathing and speaking in Tank-Air and High-COj.
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70.11, p < .001]. In Tank-Air expiratory time duiring spontaneous breathing
was shorter relative to speaking.
In High-COj, group means were 1.73 (SD = 0.55) £ind 3.44 (SD = 1.40)
sec for expiratory time during spontaneous breathing and speaking,
respectively. Analysis of variance indicated with follow-up contrasts that
there was a significant difference in expiratory time across tasks performed in
High-COj [F(l,9) = 57.38, p < .001]. In High-COj expiratory time during
spon aneous breathing was shorter relative to speaking.
The comparison of spontaneous breathing across gas conditions
revealed a significant difference in expiratory time [F(l,9) = 13.39, p = .005].
Spontaneous breathing in Tank-Air was characterized longer expiratory time
relative to spontaneous breathing in High-COj. The comparison of speaking
across gas conditions revealed a significant difference in expiratory time
[F(l,9) = 19.87, p < .001]. Expiratory time during speaking in Tank-Air was
longer than expiratory time during speaking in High-COj.

Inspiratory and Expiratory Flow.
Results for inspiratory flow during spontaneous breathing and speaking
are presented in Figure 24. In Tank-Air, group means were 0.27 (SD = 0.05)
and 1.10 (SD = 0.19) L/sec for inspiratory flow during spontaneoiis breathing
and speaking, respectively. Analysis of variance with follow-up contrasts
revealed a significant difference in inspiratory flow across tasks performed in
Tank-Air [F(l,9) = 72.67, p < .001]. In Tank-Air inspiratory flow during
spontaneous breathing was lower relative to spealdng.
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In High-COj, group means were 0.89 (SD = 0.20) and 2.12 (SD = 0.37)
L/sec for inspiratory flow during spontaneous breathing and speaking,
respectively. Analysis of variance with follow-up contrasts revealed that
there was a significant difference in inspiratory flow across tasks performed in
High-COj [F(l,9) = 159.03, p < .001]. In High-COg inspiratory flow during
spontaneous breathing was lower relative to speaking.
The comparison of spontaneous breathing across gas conditions
revealed a significant difference in inspiratory flow [F(l,9) = 41.57, p < .001].
Spontaneous breatihing in Tank-Air was characterized lower inspiratory flow
relative to spontaneous breathing in High-C02. The comparison of speaking
across gas conditions revealed a significant difference in inspiratory flow
[F(l,9) = 110.96, p < .001]. Inspiratory flow during spealdng in Tank-Air was
lower than inspiratory flow during speaking in High-COj.
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Figure 24. Group means and standard deviations for inspiratory flow (L/sec)
during spontaneous breathing and speaking in Tank-Air and High-COj.

75
Results for expiratory flow during spontaneous breathing euid speaking
are presented in Figure 25. In Tank-Air, group means during spontaneous
breathing were 0.17 (SD = 0.03) and 0.15 (SD = 0.03) L/sec for expiratory flow
during spontaneous breathing and speaking, respectively. Analysis of variance
with follow-up contrasts indicated that there was no significant difference in
expiratory flow across tasks conducted in Tank-Air [F(l,9) = .17, p = .691].
In High-COj, group means were 0.74 (SD = 0.22) and 0.46 (SD = 0.17)
L/sec for expiratory flow during spontaneous breathing and speaking,
respectively. Analysis of variance with follow-up contrasts indicated that the
difference in expiratory flow across tasks was significant [F(l,9) = 55.38, p <
.001]. In High-COj expiratory flow during spontaneous breathing was higher
relative to speaking.
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Figure 25. Group means and standard deviations for expiratory flow (L/sec)
dioring spontaneous breathing and speaking in Tank-Air and High-COj.
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The comparison of spontaneous breathing across gas conditions
revealed a significant difference in expiratory flow [F(l,9) = 240.59, p < .001].
Spontaneous breathing in Tank-Air was characterized lower expiratory flow
relative to spontaneous breathing in High-C02. The comparison of speaking
across gas conditions revealed a significant difference in expiratory flow [F(l,9)
= 71.89, p < .001]. Expiratory flow during speaking in Tank-Air was lower than
expiratory flow during speaking in High-COj.

Speech-Related Measxires
Group means and standard deviations for speech duration in Tank-Air
and High-COj are presented in Figure 26. Group means for speech duration
were 4.45 (SD = 1.41) and 3.13 (SD = 1.37) sec in Tank-Air and HighC02,respectively. The results of the Tukey (HSD) procedixre indicated that
there was a significant difference in speech din-ation across gas conditions
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Figure 26. Group means and standard deviations for measures of speech
duration in Tank-Air and High-COg.
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[F(l,9) = 23.65, p < .001]. Speech dTiration was longer in Tank-Air relative to
ffigh-COj.
Group means and standard deviations for syllables per breath group are
presented in Figure 27. Group means for syllables per breath group were 24.27
(SD = 8.45) and 17.40 (SD = 7.44) in Tank-Air and High-COj, respectively.
There were more syllables produced per breath group in High-COj relative to
Tank-Air. The results of the Tukey (HSD) procedure indicated that there was
a significant difference in syllables per breath group across gas conditions
[F(l,9) = 18.87, p < .001]. Syllables per breath group in Tank-Air exceeded
syllables per breath group in High-COj.
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Figure 27. Group means and standard deviations for syllables/breath group in
Tank-Air and High-COj.
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Figure 28. Group means and standard deviations for articulation rate
(syllables/sec) in Tank-Air and High-COj.
Group means and standard deviations for articulation rate in Tank-Air
and High-C02 are presented in Figure 28. Group means for articxilation rate
were 5.35 (SD = 0.56) and 5.39 (0.39) sylls/sec during speech breathing in
Tank- Air and High-COj, respectively. The results of the Tukey (HSD)
procedure indicated no significant difference in articulation rate across gas
conditions [F(l,9) = 0.17, p = .691].
Group means and standard deviations for lung volume excursion per
syllable (%VC/syll) in Tank-Air and High-COj are presented in Figure 29.
Group means for lung volume excursion per syllable were .613 (SD = .158) and
1.289 (SD = .606) %VC/syll in Tank-Air and High-COj, respectively. Pairwise
comparisons revealed a significant difference in lung volume excursion per
syllable [F(l,9) = 18.79, p < .001]. Lung volume excursion per syllable was
smaller during speaking in Tank-Air relative to speaking in High-COj.
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Figure 29. Group means and standard deviations for lung volxime excursion per
syllable (%VC/syll) in Tank-Air and High-COj.
As discussed under Method, all speech breath groups were categorized
according to breath group type. Figure 30 illustrates the proportion of breath
group types in Tank-Air and High-COj. During speaking in Tank-Air breath
groups for all subjects were categorized as Type 1 (speech only). In contrast,
all five breath groups t3rpes were observed during speaking in High-COj. Tj^je
2 (speech + expiration) breath groups were the most common followed by
Types 1 (speech only) and 4 (speech + expiration + speech). T3rpes 3
(expiration + speech) and 5 (expiration + speech + expiration) comprised less
than 2% of all breath groups.
In five subjects (1, 4, 5, 7, 9), Type 2 breath groups comprised more
than 60% of all breath groups. In two subjects (3, 6), Type 1 and Type 4
breath groups predominated (>60%), respectively. In the remaining subjects
(2, 8,10), no single breath group type predominated.
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Figure 30. Percentage of breath group types during speaking in Tank-Air
(inset) and in High-COj.

Subject Perceptions
Subjects responded to open-ended questions regarding perceptions
related to breathing, speaking, anxiety, effort level, smell, vision, and taste in
each of the gas conditions (see Appendix H - Subject Debriefing). Most, the
subjects did not comment about the periods of spontaneous breathing and/or
speaking in either the Room-Air or the Tank-Air conditions. By contrast, for
breathing and speaking in High-C02 subjects reported a range of breathingrelated perceptions. These included statements such as; "it seemed like I was
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getting less o^gen," "it was breath taking," "(I was) having to gasp for air," "I
had to manage my breath." Several subjects also reported percepts that were
not related to breathing such as; "a funny taste," "dry mouth," "headache,"
"bright lights." Two subjects (1, 2) reported feeling "panickjr" or "nervoiis."
Without exception, subjects judged spontaneous breathing and speaking
in High-COj to be more difficult (or related percept) than spontaneous
breathing and speaking in either Tank-Air or Room-Air conditions.
Furthermore, all subjects judged speaking in High-COj to be considerably more
difficult (or related percept) than spontaneous breathing tmder the same
condition.

Summary
A summary of the between-task (spontaneous breathing versus
speaking) differences is presented in Table 3. In Tank-Air, tidal volimie during
speaking was slightly larger than for spontaneous breathing. In general,
speaking in Tank-Air was associated with larger lung vol\xme and rib cage
volume excursions than spontaneous breathing. Also, the percent rib cage
contribution to Ivmg volimie change was slightly larger during speaking
compared to spontaneous breathing. During speaking, subjects tended to
maintain smaller abdominal volumes at the initiation and termination of
expiration compared to spontaneoiis breathing. Several timing differences
were also evident such that speaking incorporated shorter, faster inspirations
and longer, slower expirations relative to spontaneous breathing.
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Table 3. Summaiy of between-task (spontaneous breathing and speaking)
differences and the direction of differences for several measures obtained vmder
conditions of Tank-Air and High-COj. All differences are significant atp < .012
level with the exception of items labeled (*).
Measure

Tank-Air
Spon. Breathing - Speaking

High-COa
Spon. Breathing - Speaking

<

<

LVI

*p = .02
LVT
CO

*

•d
II A
b

%RC

<

RCVI

<

RCVT

<

ABVI

>

ABVT

>

Insp. Time

>

>

Exp. Time

<

<

Insp. Flow

<

<

Exp. Flow

>

Key: LVI = limg volume initiation of expiration, LVT = limg volume termination
of expiration, %RC = percent rib cage contribution to limg volume change,
RCVT = rib cage volume initiation of expiration, RCVT = rib cage voliime
termination of expiration, ABVI = abdomen volimie initiation of expiration,
ABVT = abdomen volimie termination of expiration, Insp. time = inspiratory
time, Exp. time = expiratory time, Insp. Flow = inspiratory flow, Exp. Flow =
expiratory flow.
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Between-task contrasts in High-COg indicated that subjects initiated
and terminated expirations at larger lung volimaes and rib cage volumes during
speaking relative to spontaneous breathing. Some significant differences were
also noted in timing related measures in the High-COj condition. During
speaking, inspirations were characteristically shorter with higher inspiratory
flow, whereas expirations were longer with lower expiratory flow relative to
spontaneous breathing imder the same conditions.
A summary of the between-condition (Tank-Air versus High-COj)
differences is presented in Table 4. During spontaneous breathing, subjects
exhibited larger tidal volumes, higher breathing frequencies and larger minute
volume in High-COj compared to Tank-Air. Spontaneous breathing in HighCO2 was characterized by larger limg volimaes at the initiation of expiration
and larger liuig volume excursions than in Tank-Air. Rib cage volumes at the
initiation of expiration and rib cage volimie excursions were also larger in HighCOj. Furthermore, subjects exhibited smaller abdominal volimies at the
termination of expiration but larger abdominal excursions compared to TankAir. Some timing changes were also evident. Inspiratory and expiratory times
were shorter and inspiratory flow higher during spontaneous breathing in HighCO2 compared to Tank-Air.
Between-condition contrasts for speaking tasks also revealed
differences. Subjects generally exhibited higher breathing frequencies, larger
tidal voliimes and minute volume in High-COj compared to Tank-Air. The
High-COa condition was associated with larger limg volimies and rib cage
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Table 4. Sxmmiary of between-condition (Tank-Air and High-COj) differences
and the direction of the differences for several measiares dtiring spontaneous
breathing and speaking. AU differences are significant at p < .012 level, with
the exception of items labeled (*).
Measure

Spontaneous Breathing
Tank-Air - High CO,

BPM

<

Speaking
Tank-Air - High CO,
<

* p = .023
TV

<

<

Minute Voltune

<

<

LVI

<

<

LVT

<

LVE

<

<

RCVI

<

<

RCVT
RCVE

<
<

ABVI

<
<

ABVT

>

ABVE

<

<

Key: BPM = breathing firequency, TV = tidal volume, LVI = Ixing volume
initiation of expiration, LVT = limg volume termination of expiration, LVE =
lung volimie excursion, RCVI = rib cage volume initiation of expiration, RCVT =
rib cage volume termination of expiration, RCVE = rib cage volume excursion,
ABVI = abdomen volume initiation of expiration, ABVT = abdomen volimie
termination of expiration, ABVE = abdomen volume excursion.
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Table 4. cont'd.
Measure

Spon. Breathing
TaiJc-Air - High CO,

Speaking
Tank-Air - Hi^ CO,

Exp. Time

>

>

Insp. Flow

<

<

Exp. Flow

<

<

Speech Duration

>

Sylls/Breath

>

Group
%VC/Syll.

<

Key; Exp. Time = expiratory time, Insp. Flow = inspiratory flow, Exp. Flow =
expiratory flow, Sylls/Breath group = syllables per breath group, %VC/syll = %
vital capacity per syllable.
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voltunes both at the initiation and termination of expiration. Limg voliime sind
rib cage volume exciorsions were also larger in High-C02 compared to Tank-Air.
Abdominal volumes at the initiation of expiration and abdominal volume
excursions were generally larger in High-COj compared to Tank-Air.
Although inspiratory timing was preserved across gas conditions, other
timing changes were evident. Expiratory time was shorter but inspiratory and
expiratory flows higher in High-COj compared to Tank-Air. Speech duration
was correspondingly shorter and the number of syllables per breath group
declined in High-COj. Conversely, %VC per syllable was larger in High-COj.
The shorter average speaking time and higher flows evident in High-COj
resulted in an increased numbers of breath groups and the introduction of
completely new breath group types compared to Tank-Air.
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DISCUSSION

This study is the first to focus on how heightened respiratory drive
affects speaking. Furthermore, it is the first study to characterize the
behavior of the chest wall dioring speaking in conditions of heightened
respiratory drive. Discussion of these findings is organized under four major
headings: (a) methods - past and present; (b) chest wall behavior; (c) speakingrelated adjustments; and (c) breathing-related perceptions.

Methods - Past and Present
A variety of methods has been applied to the study of the control of
breathing in heightened respiratory drive. The following section simmiarizes
the primary methodological differences between the present investigation and
previovis studies. These include the process of subject selection, the
administration of COj, and the incorporation of noninvasive monitoring devices.
In an effort to minimize the effect of anxiety on breathing behavior,
subjects in the present study participated in a series of screening procedures.
These procedures enabled the identification of a relatively homogeneous group
of subjects that tolerated the experimental set-up and the respiratory stimulus
without undue anxiety or discomfort. Previous investigators (Hale & Patrick,
1987; Meancock & Nicholls, 1981; Phillipson et al., 1978; Bimn & Mead. 1971)
have included either a heterogeneous group of subjects, most of whom were
inexperienced, or they have not described the subject group nor the subject
selection process. Although the present method of subject selection is
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considered an improvement over previous methods, generalization of the
present findings to individuals who may not meet these same criteria — e.g.,
women, older men, or clinical groups — requires caution.
The present investigation induced a state of heightened respiratory drive
using a step input of 7% COg in oxygen. A step input of COj has been used
previously to study the ventilatory response to COj (e.g., Jacobi, lyawe, Patil,
Cummin, & Saimders, 1987; Resmolds, Milhom, & HoUoman, 1972); however,
only one other study has appUed this technique to the study of speech
production (Bunn & Mead, 1971). In the latter study the step input was 33.5% CO2 in air.
Most studies of COj-induced increases in respiratory drive have used the
rebreathing method that was first described by Read (1967). In this method,
the level of inspired CO2 increases steadily, xmlike the step input method in
which the level of inspired COj remains constant. During rebreathing, subjects
usually are exposed to higher levels of inspired COj than with a step input of
COj. Studies that have used the rebreathing method (Hale & Patrick, 1987;
Patrick & Howard, 1972; Pengelly, Tarshis, & Rebuck, 1979; Phillipson et al.,
1978; Schaefifer; 1958) have documented a rise in minute volxame and a
ventilatory response to COg that far exceed those observed in the present
subjects. Presumably, this difference can be attributed to the fact that the
present subjects were not exposed to equivalent levels of inspired COj.
The present method of COg administration allowed subjects to breathe
and speak with minimal encxmibrance. Other studies (Hale & Patrick, 1987;
Hirshman, McCiiUough, & Weil, 1975; Meancock & Nicholls, 1982; Pengelly,
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Tarshis, & Rebuck, 1979; Phillipson et al., 1979) have employed a face mask
or mouthpiece. These devices are problematic because of significant
measurement-induced changes in breathing frequency, tidal voliune, minute
volume and inspiratory-expiratory timing associated with their use (Askanazi
et al., 1980; Gilbert, Auchincloss, Brods^, & Boden, 1972; Perez & Tobin,
1985).
The use of transcutaneous blood gas monitoring systems is another
important attribute of the present study. Previous studies (Bunn & Mead,
1971; Phillipson et al., 1978) monitored h5rpercapnia by sampling end-tidal
PCOg (i.e., PCO2 in expired air). Studies that have compared transcutaneous
and end-tidal PCOj indicate that both methods can be used to draw inferences
about arterial blood gas PCOg with accuracy (Phan, Tremper, Lee, & Barker,
1986; Sridhar, Carter, Moran, & Banham, 1992), but that end-tidal PCOj
readings are often vmreliable under high flow conditions (Raemer & Calalang,
1991; Sridhar et al., 1992). In the present investigation transcutaneous rather
than end-tidal PCOj was iised because it overcame the problem of obtaining
reliable transnasal end-tidal samples during periods when the subject mouthbreathed, for example during all speaking tasks and during spontaneous
breathing in heightened respiratory drive. Measures of TcPCOj obtained in the
present group during spontaneous breathing in Tank-Air approximated
previous reports for TcPCOj (Phan, Tremper, Lee, & Barker, 1986) and
arterial PCOg (Dong et al., 1985; Fend, Vale, & Broch, 1969; Sauty, Uldry,
Debetz, Leuenberger, & Fitting, 1996) in healthy adults. Measures of TcPCOj
obtained during spontaneoiis breathing in High-COj approximated previous

90
reports for arterial PCOj in healthy adults under comparable gas conditions
(Fend et al., 1969; Forster, Klein, Hamilton, & Kamoine, 1982).

Chest Wall Behavior
The discussion on chest wall behavior is presented in four sections. The
first two comprise a discussion of the behavior of the chest wall when
spontaneously breathing air and breathing higher-than-normal levels of COj,
respectively. The last two sections focus on the behavior of the chest wall
during speaking in the same two gas conditions.

Breathing in Air.
The data generated fi*om the present subjects breathing air resemble
those reported for comparable subjects with regard to tidal volume (Mador &
Tobin, 1991; Shea et al., 1987) and minute volimie (Bvmn & Mead, 1975;
Mador & Tobin, 1991; Re5naolds et al., 1972; Shea et al., 1987). The data for
breathing firequency are also consistent with many previous reports (Grimby
et al., 1968; Hoit & Hixon, 1987; Rejoiolds, Milhom, & Holloman, 1972; Shea,
Murphy, & Guz, 1987; Warner et al., 1983); however, higher breathing
fi-equencies also have been reported (Bechebache, Chow, Puffin, & Orsini,
1979; Biinn & Mead, 1971; Mador & Tobin, 1991).
Limg volimie, rib cage volume, and abdomen volume events generated
during spontaneous breathing by the present subjects resembled those of
previously studied healthy yoimg men (Abel et al., 1987; Fugl-Meyer, 1974;
Hixon et al., 1973; Hoit & Hixon, 1986,1987; Sharp, CJoldberg, Druz, & Danon,
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1975). The majority of the present subjects initiated inspirations with the
chest wall deformed from the presiamed relaxation characteristic — that is the
volimie of the rib cage was larger and the volrmie of the abdomen was smaller
with respect to relaxation at the prevailing liong volume. These findings are
consistent with previoias observations (Hixon et al., 1973; Hoit & Hixon, 1987;
Loring & Mead, 1982).
The relative volxime contributions of the rib cage and abdomen exhibited
by the present subjects breathing air also approximate previoxis reports (Hoit
& Hixon, 1986,1987). The inspiratory phase of the breathing cycle was
characterized by an increase in volume of both the rib cage and abdomen, with
the rib cage contribution usually predominating. Inspiration typically involved
approximately a 10% VC change in lung volimie. The expiratory phase of the
breathing cycle closely approximated the inspiratory phase.
Muscular mecheinisms underljdng these kinematic observations can be
inferred from dynamic study of resting tidal breathing in conditions of normal
respiratory drive (Goldman, 1974). Presxmaably, the diaphragm was the chief
inspiratory driver. Furthermore, in the majority of subjects the activation of
the abdominal musculature "tuned" the diaphragm and placed it at a greater
mechanical advantage for producing inspiratory force (Goldman & Mead,
1973).

Breathing Higher-than-Normal Levels of COj
The data generated from the present subjects breathing higher-thannormal levels of COj resemble those reported for subjects under equivedent
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stimxalus conditions with regard to minute volimie, breathing frequency, and
tidal volxmie (Grimby et al., 1968; Reynolds et al., 1972). As anticipated,
minute volume, breathing frequency, and tidal volimie in the present subjects
were somewhat greater compared to subjects exposed to lower levels of CO2
(e.g., Bechebache et al., 1979; Bunn & Mead, 1971). By contrast, minute
volume, breathing frequency, and tidal volume in the present subjects were
lower than reported dxiring rebreathing (e.g., PhilKpson et al., 1978; Rigg et al.,
1977; SchaefiFer, 1958). Presimiably this difference can be attributed to the
fact that rebreathing resulted in a substantially higher level of inspired COj.
The ventilatory response to COj observed during spontaneous breathing
in the present group of subjects (1.56 LPM/mmHg) was approximately half
that reported by Bunn & Mead (1971). This is somewhat surprising because
the step input in the latter study was only 3-3.5% COj, as compared with 7%
CO2 in the present study. The reason for this is uncertain; however it may be
related to differences in subjects' age, level of anxiety, or level of fitness.

For

example, some authors (Bechebache et al., 1979) noted an incresise in
breathing frequency and tidal volume in subjects who experienced mental
stress (i.e., when required to perform mental arithmetic) in heightened
respiratory drive. Accordingly, the ventilatory response to CO2 exhibited by
their subjects was somewhat greater in stressfiil compared to nonstressful
conditions. Because care was taken in the present investigation to familiarize
the subject with the experimental set-up and stimulus, the level of anxiety in
the present subjects was considered to be minimal. Comments made by the
subjects in the debriefing session support this view. Furthermore, because the
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majority of subjects in the present study were physically active (e.g., exercised
four or more times weekly), subject fitness may have also have contributed to
the smaller ventilatory response observed in the present group.
In six of the present subjects the ventilatory response to COg appeared
inversely related to the magnitude of the blood gas shift fi-om baseline. That is,
subjects with the largest blood gas shift from baseline in high COj exhibited the
smallest ventilatory response. Conversely, subjects with the smallest blood
gas shift from baseline in high COj exhibited the largest ventilatory response.
Although some investigators have found evidence of a relationship between the
ventilatory response to COj and subjects' height and weight (Hirshman et al.,
1975), no systematic relationships between ventilatory response and subjects'
height, weight, VC, minute volume, breathing frequency, or tidal volume were
foimd in the present data.
As anticipated, the behavior of the chest wall in heightened respiratory
drive differed from its behavior in air. Only two other studies have documented
the behavior of the chest wall in heightened respiratory drive. In the first,
respiratory drive was increased by having subjects exercise at different work
levels on a bicycle ergometer (Grimby et al., 1968), and in the second subjects
rebreathed 7% COgin Og (Pengelly, Tarshis & Rebuck, 1979).
Comparison of results from the present study with these previous
studies (Grimby et al., 1968; Pengelly et al., 1979) highlights several
similarities despite the fact that different stimuli were used. Consistent with
Grimby et al (1968), subjects in the present study initiated inspiration at
smaller volumes of the abdomen and terminated inspiration at larger volumes
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of the rib cage in high COj than in air, and limg volume and abdominal volume
excursions were on avereige 10-20% larger than in air. Although the relative
volume contributions of the rib cage and abdomen in the present group were
variable, in general they were consistent with those reported by Grimby et al.
(1968) and Pengelly et al. (1979). Last, inspiratory and expiratory times were
considerably shorter and inspiratory and expiratory airflow was higher in high
CO2 than in air as reported by Pengelly et al., (1979).
There are no d3aiamic studies of breathing during heightened respiratory
drive. Nevertheless, several inferences about the d3niamics of chest wall
behavior in heightened respiratory drive can be made from the present
kinematic observations. The configuration of the chest wall in the present
subjects indicates that, in high COg, the volume of the abdomen at endexpiration is smaller than when breathing in air. The greater deformation of
the abdomen from relaxation xinder these conditions is presumably associated
with increased abdominal activation for the purpose of displacing the abdomen
inward. Activation of the abdominal musculatiare probably plays an important
role in optimizing diaphragmatic length during the inspiratory phase of the
breathing cycle. The greater deformation of the abdomen from the relaxation
characteristic may also be associated with a passive lifting of the rib cage
((jroldman, 1974).
Larger volumes of the limg and rib cage at the termination of inspiration
in high COj suggest that inspiration might have been effected by the
diaphragm and the inspiratory rib cage musculature (i.e., intercostals, and
accessory muscles of breathing). These same patterns of chest wall behavior
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have been observed in subjects performing volimtary breathing tasks such as
inspiring to total lung capacity (Grassino, 1974) and inspiring with maximal
force (Sharp et al., 1975).

Speaking in Air.
In the present group, minute volume during speaking in air was
somewhat greater than minute volume during breathing in air. This
observation is consistent with previous reports (Bunn & Mead, 1971;
Meancock & NichoUs, 1982; Warner et al., 1983). Furthermore, minute
volimie dioring speaking was characterized by lower breathing frequencies

and

somewhat Isirger tidal volxmies compared to spontaneous breathing (Bxmn &
Mead, 1971; Doust & Patrick, 1981).
The behavior of the chest wall in the present subjects during speaking in
air resemble previously studied healthy young men (Hixon et al., 1973, 1976;
Hoit & Hixon, 1987). Accordingly, the inspiratory phases of speech breathing
cycles were characterized by larger lung volume excursions, typically
displacing approximately 15-20% VC. The expiratory phase, the so-called
speech breath group, was characterized by larger percent rib cage contribution
to limg volume change compared to breathing. Timing-related changes were
also evident such that speaking was characterized by shorter, faster
inspirations and longer, slower expirations relative to spontaneous breathing.
The overall average relative voliame contribution of the rib cage during
speaking approximated one previous report (Winkworth et al., 1994). In
contrast, the average rib cage contribution of 70% in the present group
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compares to 80-85% reported in healthy men (Hoit & Hixon, 1987). The
explanation for the difference may lie in the fact that several of the present
subjects appeared to be highly mesomorphic, i.e., high in relative
musculoskeletal development. The relative voliame contribution of the rib cage
to lung volvune change in subjects of this body tj^e has been shown to vary
considerably (Hoit & Hixon, 1986).
On the basis of these kinematic observations, several inferences about
the dynamics of chest wall behavior during speaking can be made (Hixon et al.,
1976). Smaller volxmies of the abdomen dxxring the inspiratory phase of speech
breathing cycles were presxmiably associated with increased abdominal
muscle activation. As previously described, the inward displacement of the
abdomen probably "timed" the diaphragm and facilitated production of a rapid
inspiratory force necessary for \minterrupted speaking. On the expiratory side,
the speech breath group was probably effected by the activation of rib cage
and abdominal musculature, but with the latter predominating (Hixon et al.,
1976).

Speaking in Higher-than-Normal Levels of COj
The minute volume data generated fi:x)m the present subjects while
speaking in higher-than-normal COg most closely resemble those reported
during speaking while exercising on a bicycle ergometer (Meancock & Nicholls,
1987) or walking on a treadmill (Doust and Patrick, 1981). As anticipated,
minute volimies were somewhat higher than those reported by Bimn and Mead
(1971), but lower than those reported by Phillipson et al. (1978). As discussed
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with respect to breathing in high COj, these differences are attributed to
differences in the level of inspired COj.
During speaking, the rise in minute volume noted in heightened
respiratory drive was effected by increases in both breathing frequency and
tidal volume. In the present subjects, the increase in tidal volxime observed
during speaking was tjrpically smaller than for breathing. The comparison of
breathing frequency across gas conditions revealed similar trends. Whereas
breathing frequency increased by roughly 5 BPM during spontaneous
breathing, the increase was on the order of 3 BPM during speaking. Similar
trends for tidal volume and breathing frequency were reported by Bunn and
Mead (1971) and Doust and Patrick (1981).
In the present group, the ventilatory response to COj was smaller
during speaking than breathing. That is, the ventilatory response dviring
breathing was one and a half times the ventilatory response observed during
speaking. This was consistent with the ventilatory responses observed during
breathing and speaking coincident with exercise (Doust & Patrick, 1981;
Meancock & NichoUs, 1982). These findings contrast with those of Bunn and
Mead (1971) who reported a ventilatory response during breathing that was
three times the ventilatory response observed during speaking. Although, the
present findings indicate that the response to COj was greater during
breathing than speaking, the between-task difference was smaller than
expected.
This study is the first attempt to docimient chest wall kinematics during
speaking in heightened respiratory drive. The comparison of the chest wall

98
behavior during speaking and breathing in heightened respiratory drive
revealed few distinctions. In general, subjects operated at slightly larger lung
volumes and rib cage voliames during speaking than in breathing, however
abdominal volume events were very similar for speaking and breathing.
Dioring speaking in high COj, inspiratory time was approximately half
that for breathing. By contrast, average inspiratory airflow was
approximately double that for breathing. This means that the motions of the
chest wall diaring inspiration were considerably faster dtiring speaking than
spontaneous breathing. Hale and Patrick (1987) and Phillipson et al. (1978)
have reported similar findings.

The expiratory phase of the speech breathing

cycle was characterized by fi-equent and rapid non-phonated expirations which
usually occurred at the end of the breath group. The latter observation is
consistent with the descriptions of Bunn and Mead (1971). Consistent with
expectations, expiratoiy time was longer and expiratory flow lower during
speaking (i.e., d\iring the speech breath group) than during spontaneous
breathing.
On the basis of these kinematic observations, several inferences about
the djmamics of chest wall behavior during speaking in heightened respiratory
can be made. Inspiratory phases of speech breathing cycles in high COj were
probably effected by the combined action of the diaphragm and inspiratory rib
cage musculature. However, in view of larger volxmies of the rib cage and lung
at the initiation and termination of inspiration, the contribution of the
inspiratory rib cage musc\ilature during speaking may have been slightly
greater than d\iring spontaneous breathing. The deformation of the chest wall
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from the presumed relaxation characteristic at the initiation of inspiration
suggests that the abdomen may have contributed to the speed and force of
inspiration by "timing" the diaphragm. Kinematic observations of the
expiratory phases of speech breathing cycles indicate that speech breath
groups were probably effected by the activation of both the rib cage and
abdomen miisculature, with the latter predominating.

Speaking-Related Adjustments
Significant difference were found for all speaking-related measxires with
the exception of syllables per second. The values obtained during speaking in
air were similar to those reported by others for speech dvu-ation (Solomon &
Hixon, 1993), articulation rate or speech rate (Solomon & Hixon, 1993), and
lung volume excursion per syllable (Hoit & Hixon, 1987), and syllables per
(Hoit & Hixon, 1987). Inspirations were located at sentence and phrase
boundaries. These findings are consistent with previous observations for
inspiratory location during reading (Hammen & Yorkston, 1994; Winkworth et
al., 1994).
In high COj subjects preserved speech rate but reduced the number of
syllables per breath group and speech duration. The preservation of speech
rate under high respiratory drive is consistent with an earlier observation by
Otis (1974). In contrast to speech rate, the average lung volume excursion per
syllable doubled and average speech duration shortened in heightened
respiratory drive. Although there are probably several explanations which
may account for the adjustments in speech duration and syllables per breath
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group, the key factor appears to be the introduction of new breath group types
which incorporated large non-phonated expirations. Non-phonated expirations
were observed at sentence, phrase, and clause boundaries and on occasion,
within a phrase or clause. These shortened the available speaking time and
therefore, the duration of the breath group. Despite the inclusion of nonphonated expirations, it appears that msiny of the present subjects were able
to manipulate the phrasing of their spoken utterance to maintain linguistically
"appropriate" inspirations. That is, by far the majority of inspirations occurred
at sentence, phrase, and clause boundaries. This suggests a degree of
coordination between ventilatory and phonatory cycles (Warner et al., 1983),
even under conditions of respiratory challenge.
A final observation relates to valving by the larynx and/or upper airway.
The considerable increase in %VC/syllable observed in conditions of heightened
respiratory drive seems to indicate reduced efficiency in valving of the
airstream by larjrngeal or upper airway structures. Because laryngeal airway
resistance is lowered during resting tidal breathing in hypercapnia (England,
Bartlett, & Daubenspeck, 1982; Bartlett, Remmers, & Gautier, 1973), it
seems reasonable to suggest that similar laryngeal valving adjustments might
occur during speech production tmder the same conditions. The view that the
larynx might offer lowered resistance to the expiratory airstream in heightened
respiratory drive, is also suggested by changes in voice quality (e.g.,
breathiness) noted in a few of the subjects' during speaking in high COj.
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Breathing-Related Perceptions
Breathing-related perceptions reported by the present subjects during
spontaneous breathing in heightened respiratory drive appeared similar to
previous observations (Adams, Chronos, Lane, & Guz, 1985; Simon et al.,
1989). In contrast to previous findings (Phillipson et al., 1978), subjects in the
present study indicated that speaking was more difiBcult (or related percept)
than breathing in heightened respiratory drive. One possible explanation for
this discrepancy may lie in methodological differences between the studies.
Subjects in the present study were exposed to high COj on two occsisions ~ in
the preliminary and recording sessions - and breathing-related perceptions
were identified by a series of open-ended questions in the post test interview.
By contrast, it is not known whether subjects in the Phillipson et al. study were
familiar with the stimulus nor is it clear how their breathing-related
perceptions were identified. Accordingly, the claim that subjects experienced
less "dyspnea" during speaking compared to spontaneous breathing in high
respiratory drive is not well substantiated.
The observation by the present subjects that speaking was more
difficidt (or related percept) than breathing in heightened respiratory drive was
somewhat suprising in view of the larger motions of the chest wall during
speaking compared to spontaneoiis breathing. Activation of respiratory
afferents secondary to large excursions of the pulmonary and chest wall
systems has been considered to play a significant role in the diminution of air
himger (Shea et al., 1995). Although, speaking in heightened respiratory drive
was characterized by larger motions of the pulmonary and chest wall systems
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and considerably higher airflow than spontaneoiis breathing, the changes in
breathing behavior did not seem to relieve breathing-related discomfort in the
present subjects. Conversely, the larger motions of the chest wall associated
with speaking may have contributed to subjects' perceptions of effort and
breathing-related discomfort. Despite these perceptions, it appears that the
present subjects were willing to tolerate greater discomfort in order to continue
speaking in high COj.

Conclusion
Breathing during speech production in heightened respiratory drive
provides an opportimity to observe the competition between the metabohc and
the behavioral control of breathing. The results of the present investigation
clearly demonstrate that the behavioral control of breathing adjvists to
accommodate the requirement for gas exchange. The nature of the adjustment
varies somewhat from individual to individual but typically incorporates
significant changes in rib cage, abdomen, and Ivmg volume events, expiratory
timing, and inspiratory and expiratory flow. Adjustments in chest wall
kinematics are also reflected in a nimaber of more subtle speaking-related
changes including, a reduction in the average number of syllables per breath
group and an increase in the %VC expended per syllable.
As a consequence of these findings, it seems reasonable to suggest that
breathing behavior during speech production in heightened respiratory drive is
a product of an "interaction" between the metabolic and the behavioral control
of breathing. The interaction may take several forms; for example, breathing
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may be alternately controlled. Under this model the metabolic and the
behavioral control of breathing woiold effectively time-share so that at one time
breathing behavior woiild reflect the metabolic demand for gas exchange and at
einother, the reqiiirement of the speech task. Conversely, the interaction may
involve simultaneous adjustments in both metabolism and behavior. Under
this model, breathing behavior woiild be driven principally as a function of
metabolism but would also be subject to behavioral regulation during the
speech task.
Looking toward the future and the direction of subsequent studies, two
issues appear most relevant. The first issue relates to the cHnical implications
of the present study and more specifically, the applicability of the present
findings to individuals with respiratoiy disorders such as chronic obstructive
pulmonary disease (COPD). Although subjects in the present study clearly
experienced heightened respiratory drive, they did so briefly. In view of the
artificial natiare of the present stimulus and the brief period of exposiare, it
seems reasonable to suggest that breathing behavior in individuals who have
experienced chronic states of heightened respiratory drive might differ fi-om the
present observations. Finally, in view of the effects of hormones and aging on
the human respiratoiy system, parallel studies in women and individuals of
different age groups are indicated.
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APPENDIX A: SUBJECT INTERVIEW

Subject Code/ #

Date

I. GENERAL.

L Personal Information

a. Age;

b. Date of birth:

c. Ethnicity;

d. Hei^t:

e. Weight;
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n. SPEECH/LANGUAGE/HEARINGmSION

a. What is the first language you learned to speak?

b. Do you have or have you ever had any problems with your speech or
language. If so, have you ever received services for the problem?

c. Do you have or have you ever had any problems with your hearing?

d. Do you have any special training in breathing techniques (yoga), singing,
public speaking or acting?

e. Do you have any difficulty reading aloud?

f. Do you wear glasses for reading?

106

nr. MEDICAL INFORMATION
a. Have you had any of the following difficulties:

Chronic laryngitis

Yes No

Chronic bronchitis

Yes No

Emphysema

Yes No

Asthma

Yes No

Pneumonia

Yes No

Tuberculosis

Yes No

Chronic cough

Yes No

Shortness of breath

Yes No

Wheezing

Yes No

Allergies

Yes No

Heart trouble

Yes No

High blood pressiire

Yes No

Neurological problems

Yes No

Scoliosis

Yes No

Back trouble

Yes No

Any other health/medical problems

Yes No

If you responded yes to any of the above please discuss when the difficulty
occurred and what measures were taken to relieve the problem.
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b. Are you in good general health? Yes

No

Explain:

c. Are you presently taking any medications? Yes

No

Explain:

d. Have you ever had surgery involving yoxir head neck or torso.
If yes, please provide details.

e. Do you have any trouble breathing through your nose?

f. Do you exercise regularly ? If yes, please describe.
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g. Have you ever smoked cigarettes? ("No" means less than 20 packs of
cigarettes or 12 oz. of tobacco in a lifetime or less than 1 cigarette a day for a
year).

Yes

No

h. Do you experience discomfort or fear when confined in small spaces?
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APPENDIX B: SUBJECT CONSENT FORM.

Interactions Between Speech Breathing and Ventilation
I AM BEING ASKED TO READ THE FOLLOWING MATERIAL TO ENSURE
THAT I AM INFORMED OF THE NATURE OF THIS RESEARCH STUDY
AND OF HOW I WILL PARTICIPATE IN IT, IF I CONSENT TO DO SO.
SIGNING THIS FORM WILL INDICATE THAT I HAVE BEEN INFORMED
SO AND THAT I GIVE MY CONSENT. FEDERAL REGULATIONS REQUIRE
WRITTEN INFORMED CONSENT PRIOR TO PARTICIPATION IN THIS
RESEARCH STUDY SO THAT I CAN KNOW THE NATURE AND THE
RISKS OF MY PARTICIPATION AND CAN DECIDE TO PARTICIPATE OR
NOT PARTICIPATE IN A FREE AND INFORMED MANNER.
Purpose
I am being invited to voluntarily participate in the above-titled research
project. The purpose of this project is to improve our understanding of the
relationship between breathing and speaking.
Selection Criteria
I am being invited to participate because I am in good health. Approximately
20 subjects will be erurolled in this study.
Procedure
If I agree to participate, I will be asked to consent to the following: I will be
asked to attend one session lasting approximately 60 minutes and a second
session lasting 120 minutes. I will be asked to sit with my head mside a clear
dome. I will have small magnets taped to my chest, stomach, and back to
measure my breathing movements. I will be asked to do some breathing and
speaking. Some of the breathing will involve breathing in and out of a
machine that will measure the amount of air in my lungs. While I am
breathing and speaking, pure air or air combined with carbon dioxide will be
pumped into the dome. While I am breathing and speaking additional
measures of blood gases will be obtained via a small sensor taped to the skin
of the chest or abdomen. I will be audiotaped and videotaped.
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Risks
There are no major risks as a result of this researc±i. I realize that I may
become uncomfortable while breathing certain mixtures of gas. If I become
too imcomfortable, I may request that the gas mixture be changed and it will
be changed immediately.
Benefits
My participation in this reasearch may result in improved understanding of
how we breathe for speech.
Confidentiality.
My participation in this research is confidential. Only Dr. Jearmette Hoit and
E. Fiona Bailey and designated laboratory personnel will have access to my
data. My name will not be revealed in the final results of the project in any
way.
I give my permission to use the audio and video tapes made of me during
this research for teaching purposes by initialing here:
Participation Costs and Subject Compensation.
There are no costs involved in participating in this study. 1 will be paid $10
per hour.
Liability.
I imderstand that side effects or harm are possible in any research program
despite the use of high standards of care and could occur through no fault of
mine or the investigator involved. Known side effect have been described in
this consent form. However, unforseeable harm also may occur and require
care. I imderstand that money for research-related side effect or harm, or
wages lost or time lost, is not available. I do not give up any of my legal rights
by signing this form. Necessary emergency medical care will be provided
without cost. I can obtain further information from Jeaimette D. Hoit Ph.D. If
I have any questions concerning my rights as a research subject, I may call the
Human Subjects Committee office at 626-6721. Additional
information/questions concerning liability (other than covered above) must
be discussed with the Principal Investigator, sponsor or the institution.
Authorization.
BEFORE GIVING MY CONSENT BY SIGNING THIS FORM, THE METHODS,
INCONVENIENCES, RISKS, AND BENEFITS HAVE BEEN EXPLAINED TO
ME AND MY QUESTIONS HAVE BEEN ANSWERED. I UNDERSTAND
THAT I MAY ASK QUESTIONS AT ANY TIME AND THAT I AM FREE TO
WITHDRAW FROM THE PROJECT AT ANY TIME WITHOUT CAUSING
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BAD FEELINGS OR AFFECTING MY MEDICAL CARE. MY
PARTICIPATION IN THIS PROJECT MAY BE ENDED BY THE
INVESTIGATOR OR BY THE SPONSOR FOR REASONS THAT WOULD BE
EXPLAINED. NEW INFORMATION DEVELOPED DURING THE COURSE
OF THIS STUDY WHICH MAY AFFECT MY WILLINGNESS TO CONTINUE
ESI THIS RESEARCH PROJECT WILL BE GIVEN TO ME AS IT BECOMES
AVAILABLE. I UNDERSTAND THAT THIS CONSENT FORM WILL BE
FILED IN AN AREA DESIGNATED BY THE HUMAN SUBJECTS
COMMITTEE WTTH ACCESS RESTRICTED TO THE PRINCIPAL
INVESTIGATOR, JEANNETTE D. HOFT, PH.D., OR AUTHORIZED
REPRESENTATIVE OF THE SPEECH AND HEARING SCIENCES
DEPARTMENT. I UNDERSTAND THAT I DO NOT GIVE UP ANY OF MY
LEGAL RIGHTS BY SIGNING THIS FORM. A COPY OF THIS SIGNED
CONSENT FORM WILL BE GIVEN TO ME.
Subject's Signature

Date

Investigator's Affidavit
I have carefully explamed to the subject the nature of the above project. I
hereby certify that to the best of my knowledge the person who is signing this
consent form understands clearly the nature, demands, benefits, and risks
involved in his/her participation and his/her signature is legally valid. A
medical problem or language or educational barrier has not precluded this
understanding.

Signature of Investigator

Date
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APPENDIX C: THE CALIFORNIA PASSAGE.

California is a iinique state. It is one of the few states with all the geographical
features found in the rest of the co\mtiy including, deserts, forests, mountain
ranges and beaches. Its beaches draw thousands and thousands of people
each year, particularly during the summer months when the sun is shining, the
skies are blue, and the ocean is warm enough to swim in. Surfers are often in
the water by daybreak. Of course there are many other things to do besides
surfing such as sailing, swimming, water skiing, kite flying, and sim bathing. In
the winter the moimtains of California are favorite vacation spots. Here, snow
skiing is the sport. There are many places in California to snow ski but the
largest and most popular is Mammoth Moxmtain. Because of its popularity
the property surrovmding the Mammoth Ski Resort is extremely expensive.
Unfortunately, the threat of earthquakes in this area is very high. In fact,
earthquakes are common occurrences in many parts of California. Because of
this, there are people who are afraid that someday a large piece of the state
will fall into the Pacific Ocean. The possibiUty of a serious earthquake such as
the one that demolished San Francisco in 1906 frightens some people enough
that they choose not to visit California just for that reason.

(Hoit & Hixon, 1987)
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APPENDIX D; PRELIMINARY BLOOD GAS SCREENING

Subject
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Baseline PCOg
(mmHg)
38
36
35
37
39
37
38
36
40
36
37
35
47
39
39
33
34
34
38
39

High-COa PCOj
(mmHg)
55
48
49
53
51
52
49
52
51
45
47
47
59
47
50
44
48
52
51
52

All measures taken at least 2 hours post-prandial.
Key: * Denotes subjects that met blood gas selection criterion.

Shift
(mmHg)
17
12*
14
16
12*
15
11*
16
11*
9*
10*
12*
12*
9*
11*
11*
12*
18
13
13
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APPENDIX E: INFERENTIAL STATISTICS FOR CHEST WALL
KINEMATIC VARIABLES.

Minute Volume.
Effect

df

MS

F

p(f)

Task

1

1.474

.27

.061

Error (Subj. x Task)

9

5.364

Condition

1

2436.09

92.69

< .001

Error (Subj. x Cond.)

9

26.281

Task X Condition

1

54.615

7.79

.021

Error (Task x Cond.)

9

63.084

7.00

Breathing Frequency (BPM).
Effect

df

MS

F

p(f)

Task

1

104.717

4.29

.068

Error (Subj. x Task)

9

24.387

Condition

1

202.410

29.47

< .001

Error (Subj. x Cond.)

9

6.867

Task X Condition

1

19.265

3.46

.096

Error (Task x Cond.)

9

36.76

5.561
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Tidal Volume (TV)
df

MS

F

p(f)

Task

1

.325

7.78

.021

Error (Subj. x Task)

9

.041

Trial

1

5.71

99.44

< .001

Error (Subj. x Trial)

9

.057

Task X Trial

1

0.007

.13

.722

Error (Subj. x Task x

9

.057

^

MS

F

p(f)

i

326.14

TOS

.008

Error (Subj. X Task)

9

28.90

Trial

1

3422.94

80.63

< .001

Error (Subj. X Trial)

9

42.45

Task X Trial

1

376.99

8.65

.016

Error (Subj. X Task X

18

36.76

Trial)

LVI

"Task

Trial)
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LVT
df

MS

F

p(f)

Task

1

28.63

.98

.34

Error (Subj. x Task)

9

29.22

Trial

1

106.49

2.11

.18

Error (Subj. x Trial)

9

50.46

Task X Trial

1

476.93

16.32

.002

Error (Subj. x Task x

9

31.35

df

MS

F

p(f)

Task

1

161.49

8^95

^15"

Error (Subj. x Task)

9

18.05

Trial

1

2321.90

85.28

< .001

Error (Subj. x Trial)

9

27.22

Tsisk X Trial

1

5.85

0.27

.618

Error (Subj. x Task x

9

22.04

Trial)

LVE

Trial)
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%RC
df

MS

F

p(f)

Task

1

.015

2.46

.151

Error (Subj. x Task)

9

.006

Trial

1

.007

.36

.561

Error (Subj. x Trial)

9

.020

Task X Trial

1

.021

3.57

.091

Error (Subj. x Task x

9

.006

df

MS

F

p(f)

Task

1

836.07

47^20

< .001

Error (Subj. x Task)

9

17.71

Trial

1

3048.00

70.01

< .001

Error (Subj. x Trial)

9

43.53

Task X Trial

1

244.47

10.11

< .011

Error (Subj. x Task x

9

24.17

Trial)

RCVI

Trial)
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RCVT
df

MS

F

p(f)

Task

1

233.60

8.23

.018

Error (Subj. x Task)

9

27.16

Trial

1

412.93

8.41

< .017

Error (Subj. x Trial)

9

49.07

Task X Trial

1

419.03

20.50

.001

Error (Subj. x Task x

9

20.43

df

MS

F

p(f)

Task

1

194.92

8l4

.019

Error (Subj. x Task)

9

23.94

Trial

1

1217.17

42.37

< .001

Error (Subj. x Trial)

9

28.72

Task X Trial

1

23.37

.71

.420

Error (Subj. x Task x

9

32.76

Trial)

RCVE

Trial)
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ABVI.
df

MS

F

p(f)

Task

1

432.64

7.48

.023

Error (Subj. x Task)

9

57.85

Trial

1

237.79

5.04

.051

Error (Subj. x Trial)

9

47.20

Task X Trial

1

80.07

3.79

.083

Error (Subj. x Task x

9

21.11

df

MS

F

p(f)

Task

1

637.50

11.77

.007

Error (Subj. x Task)

9

54.17

Trial

1

379.56

3.27

.104

Error (Subj. x Trial)

9

116.04

Task X Trial

1

158.05

3.37

.099

Error (Subj. x Task x

9

46.87

Trial)

ABVT

Trial)
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ABVE
df

MS

F

p(f)

Task

1

19.79

1.68

.227

Error (Subj. x Task)

9

11.76

Trial

1

1218.22

39.36

< .001

Error (Subj. x Trial)

9

30.95

Task X Trial

1

13.13

.72

.41

Error (Subj. x Task x

9

18.19

df

MS

F

p(f)

Task

1

7.59

122.98

< .001

Error (Subj. X Task)

9

.061

Trial

1

.055

2.18

.173

Error (Subj. X Trial)

9

.025

Task X Trial

1

.199

4.57

.061

Error (Subj. X Task X

9

.043

Trial)

Inspiratory time.

Trial)
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Expiratory time.
df

MS

F

p(f)

Task

1

32.28

18.73

.001

Error (Subj. x Task)

9

1.72

Trial

1

8.36

45.24

< .001

Error (Subj. x Trial)

9

.184

Task X Trial

1

.080

.32

.586

Error (Subj. x Task x

9

.253

df

MS

F

p(f)

Task

1

10.58

249.91

< .001

Error (Subj. x Task)

9

.042

Trial

1

6.83

89.64

< .001

Error (Subj. x Trial)

9

.007

Task X Trial

1

.395

8.35

.017

Error (Subj. x Task x

9

.047

Trial)

Inspiratory flow.

Trial)
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Expiratory flow.
df

MS

Task

1

.208

Error (Subj. x Task)

9

.0003

Trial

1

1.95

Error (Subj. x Trial)

9

.032

Task X Trial

1

.167

Error (Subj. x Task x

9

.006

Trial)

p(f)
55.05

< .001

59.92

< .001

24.73

< .001
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APPENDIX F: INFERENTIAL STATISTICS FOR SPEECH-RELATED
VARIABLES.

Speech dviration.
MS

F

J(f)

23^65

< .001

MS

F

^(f)

ISTST

.001

TWai

1

08

Error (Subj x Trial)

9

.367

Syllables per breath group.

^lai

I

235.72

Error (Subj X Trial)

9

12.491

^

MS

F

p(f)

ittai

i

Ml

IT

^91"

Error (Subj x Trial)

9

.066

Articulation rate.

Lxing volume excursion per syllable.
_

—

-

—

Trial

1

2.28

18.79

.001

Error (Subj x Trial)

9

,121
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APPENDIX G: INDIVIDUAL SUBJECT & GROUP MEANS.
Spontaneoxis Breathing Tank-Air
Subject
BPM
TV
1
15.60
.35
2
.36
18.39
3
.38
13.56
4
.39
16.99
5
17.80
.30
6
18.00
.24
7
.50
12.60
8
.63
12.00
9
.50
11.40
10
.65
12.32
Group
14.87
.44

LVI
52.04
42.76
47.18
52.66
51.86
45.59
42.54
47.81
50.49
52.90
48.58

Spontaneous Breathing Tank-Air
Subject
RCVI
%RC
1
68.28
44.32
2
31.16
40.53
3
68.57
34.52
4
38.90
72.29
5
42.92
42.34
6
66.06
43.19
7
46.35
64.22
8
52.33
38.22
9
75.96
49.29
10
46.46
78.04
Group
62.86
41.73

RCVT
41.37
27.93
29.30
29.22
40.29
39.23
36.03
31.65
43.86
35.38
35.43

Spontaneous Breathing Tank-Air
Subject
ABVT
ABVI
1
78.44
85.10
2
67.40
72.91
3
80.23
86.05
4
72.10
78.97
5
69.72
78.19
6
73.82
72.91
7
79.37
57.63
8
64.84
78.48
9
73.13
77.11
10
77.36
70.78
Group
77.76
70.81

ABVE
6.66
5.51
5.81
6.86
8.46
5.55
6.38
13.64
3.97
6.57
6.94

LVT
44.74
35.96
40.23
42.97
45.83
40.71
30.64
35.40
40.47
40.53
39.75

RCVE
4.95
3.22
5.22
9.67
2.62
3.95
10.32
6.56
5.42
11.08
6.30

LVE
7.34
6.88
7.02
9.76
6.01
4.90
11.82
12.49
10.28
12.44
8.83
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Spontaneous Breathing Tank-Air
Subject
Insp time Exp time
1
1.63
2.22
2
1.17
2.10
3
1.55
2.88
4
1.43
2.06
5
1.26
2.10
6
1.48
2.10
7
3.09
1.88
8
2.10
2.89
9
1.69
3.54
10
1.85
2.81
Group
1.60
2.56

Insp flow
.21
.32
.25
.27
.24
.16
.27
.30
.29
.35
.27

Exp flow
.15
.17
.13
.18
.15
.17
.16
.22
.13
.23
.17

Spontaneous Breathing High-CO,
Subject
BPM
TV
1
28.50
1.26
2
28.50
1.10
3
14.30
1.73
4
24.25
.85
5
19.84
1.20
6
28.30
.78
7
12.85
1.79
8
17.24
.85
9
18.75
.78
15.00
10
1.07
Group
20.75
1.21

LVI
61.56
50.80
67.97
59.30
67.50
52.66
68.51
64.89
53.62
62.63
60.94

LVT
35.14
30.12
36.35
37.85
43.99
37.31
27.00
33.45
37.74
42.13
36.11

Spontaneous Breathing High-CO,
Subject
%RC
RCVI
77.58
1
56.19
2
32.48
34.75
75.96
3
56.76
4
65.52
48.94
5
56.18
58.67
6
72.03
51.74
7
65.29
75.69
8
68.05
52.90
9
58.33
53.14
10
76.42
53.69
Group
64.79
54.25

RCVT
35.83
24.59
30.14
28.33
44.80
38.48
38.71
30.86
46.46
35.60
35.38

RCVE
20.35
10.16
26.61
20.60
13.86
13.25
36.97
22.04
6.68
18.09
18.86

LVE
26.40
20.63
31.58
21.40
23.47
15.35
41.66
15.35
15.81
20.51
24.83
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Spontaneoxis Breathing High-CO,
Subject
ABVI
ABVT
83.95
1
67.12
79.38
2
54.88
3
87.20
67.09
4
77.24
56.96
5
78.50
52.82
6
79.52
65.29
7
70.20
48.56
8
84.28
60.60
9
72.11
59.26
10
85.63
74.14
Group
79.80
60.67

ABVE
16.83
24.50
20.10
20.27
25.68
14.23
21.64
23.68
12.85
11.49
19.13

Spontaneous Breathing High-CO,
Subject Insp time Exp time Insp flow
1.03
1.23
1
1.09
.99
1.11
2
1.11
1.96
.90
3
2.25
1.08
.79
4
1.40
5
1.37
.88
1.65
1.00
.78
6
1.11
7
1.98
.91
2.71
1.07
8
1.50
1.99
.58
9
1.32
1.90
.67
10
1.62
2.11
Group
1.39
.89
1.73
Speaking Tank-Air
Subject
BPM
20.7
1
13.7
2
8.98
3
12.72
4
18.1
5
6
9.32
7.86
7
8
12.6
9
15.15
10
11.05
Group
13.01

TV
.44
.61
1.06
.72
.35
.58
.86
.63
.41
.73
.64

LVI
54.41
49.11
48.45
56.17
50.79
48.22
54.96
37.93
39.99
41.50
48.15

Exp flow
1.17
.99
.78
.61
.73
.70
.66
.80
.41
.51
.74

LVT
44.98
37.10
28.01
37.79
43.73
36.25
34.47
25.01
31.40
26.61
34.54

LVE
9.42
12.00
20.43
18.38
7.06
11.97
20.48
12.92
8.58
14.89
13.61
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Speaking Tank-Air
Subject
%RC
1
85.56
2
56.76
3
67.68
4
77.11
5
55.48
6
69.74
7
76.06
8
64.95
9
83.48
10
77.85
Group
71.47

RCVI
51.96
36.72
40.01
48.57
42.61
46.16
59.82
38.45
46.77
48.25
45.93

RCVT
44.02
27.60
28.31
27.61
38.16
36.44
38.69
26.31
39.25
34.94
33.68

Speaking Tank-Air
Subject
ABVI
1
75.61
2
74.88
3
76.06
4
69.84
5
76.32
6
80.02
7
67.59
8
58.83
9
62.94
10
46.37
Group
68.35

ABVT
71.52
68.51
58.10
57.83
67.97
67.88
60.36
38.02
60.57
37.73
58.85

ABVE
4.09
6.36
17.97
12.01
8.35
12.13
7.23
15.81
2.37
8.63
9.49

Speaking Tank-Air
Subject
Insp time
1
.51
2
.50
3
.84
4
.60
5
.49
6
.56
7
.71
8
.58
9
.46
10
.66
Group
.59

Exp time
2.42
4.01
5.83
4.12
2.81
5.85
6.93
4.18
3.49
3.63
4.44

Insp flow
.89
1.29
1.39
1.24
.75
1.01
1.23
1.10
.92
1.13
1.10

RCVE
7.94
9.12
16.20
20.96
4.44
9.71
21.12
12.14
7.51
13.30
12.24

Exp flow
.19
.16
.19
.18
.12
.10
.12
.16
.12
.17
.15

128
Speaking High-CO,
Subject
BPM
1
26.4
2
18.1
3
13.89
4
16.9
5
17.96
6
8.19
7
10.17
8
18.3
9
17.40
10
13.98
Group
16.12

TV
1.32
1.20
1.30
1.11
1.33
1.85
1.72
1.57
.88
1.40
1.37

LVI
68.41
58.57
69.95
68.08
81.15
73.93
81.38
67.82
86.02
72.64
72.79

LVT
40.82
36.17
46.31
40.04
55.17
37.01
41.21
36.49
68.44
45.39
44.70

Speaking High-CO,
Subject
%RC
80.89
1
2
48.07
3
72.86
76.60
4
5
49.92
6
83.59
7
44.32
8
75.84
9
30.26
10
78.54
Group
64.09

RCVI
64.34
47.27
60.12
64.29
73.74
77.23
90.91
55.42
77.07
72.94
68.33

RCVT
42.09
33.51
40.61
33.76
59.54
39.87
66.58
30.73
71.77
47.33
46.58

RCVE
22.24
13.75
19.50
30.53
14.19
37.35
24.32
24.68
5.30
25.61
21.75

Speaking High-CO,
Subject
ABVI
80.07
1
2
75.17
3
84.30
4
71.04
5
75.58
6
80.74
7
72.50
8
85.21
9
66.27
10
69.67
Group
76.05

ABVT
65.11
59.80
68.98
53.70
46.20
60.78
39.48
67.61
47.34
57.64
56.66

ABVE
14.95
15.37
15.32
17.34
29.38
19.95
33.01
17.60
18.92
12.03
19.39

LVE
27.59
22.40
23.63
28.03
25.97
36.92
40.17
31.32
17.57
27.24
28.08
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Speaking High-CO,
Subject Insp time
1
.59
2
.67
3
.52
4
.66
5
.62
6
.71
7
.99
8
.61
9
.55
10
.64
Group
.66

Exp time
1.71
2.70
3.80
2.85
2.68
6.60
4.89
2.65
2.89
3.63
3.44

Insp flow
2.30
1.81
2.48
1.69
2.16
2.62
1.72
2.57
1.64
2.22
2.12

Exp flow
.85
.50
.35
.42
.51
.29
.36
.65
.30
.40
.46

130
APPENDIX H: SUBJECT DEBRIEFING.
SUBJECT 1
F: If you think about how you felt just then, breathing quietly, and you
compare it to how you felt in the gas we had just before this one, what
difference did you notice?
S: I was paying more attention to my butt.
F: What were you paying more attention to in the one before that.
S: Breathing.
F: How did your breathing feel, when you were just sitting quietly breathing in
the one just before?
S: I did not feel any difference.
F: And how about the one before that?
S: I had to work at it.
F: And how did it feel?
S: The breathing wasn't anything. It was the breathing and the speaking. I
wanted to do them both at once.
F: So that was a lot harder you felt. In what way?
S: I wanted to get a sentence out in one breath, but I coiildn't.
F: Did you feel any sensations anywhere?
S: No. Just diy mouth, because the air was so dry.
F: Was it like anything you experienced before? You mentioned something
about exercise.
S: It was like running and speaking.
F: Was it the same as or harder than running or speaking?
S: I couldn't tell you. It was too much the same like running and speaking maybe a little more diflScult, because I never ran and read something at the
same time.
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F: Was it pretty much the same as you remembered it?
S: It was about the same as I remembered it.
F: Some people have said that they prefer to be in there reading, because they
felt that the breathing distracted them. Did you feel that?
S: That did not distract me. It was my butt. I have sharp bones.
F: It's like exercise. Did it feel like anything else?
S: It felt like an elevation gain.
F: It did?
S: It felt like reading in thin air.
F: Did it get easier as you went along?
S: Yes. The second time around, I figured out how to breathe and speak at the
same time. I was trying to pace myself.
SUBJECT 2
F: If I could get you to answer a few questions, before you get out of there,
specifically about what you were talking about before - how you were feeling in
that gas condition. If you can think back how you felt, just then, in that last
condition, compared to the one before. Is there anything that you want to
comment about?
S: I felt calmer in the last one, thsin in the second one.
F: Did you feel anxious in the second one?
S: Yes. I was anxious, because I was - OK - I've got to breathe, and I should be
able to breathe normally, but I can't, so I was tiying to get my breathing under
control, but I couldn't. The last one was just like sitting in a room, breathing.
Didn't really do anything - didn't feel any different.
F: And you said, the reading, you felt, was harder, if you think about - not this
last condition - laut the one before.
S: The second one.
F: Reading was harder than just sitting qxiietly?
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S: Yes, because I was trying to talk and breathe at the same time, and I
coiildn't,
F: Did it add to your anxiety?
S: Probably, a little bit.
F: Did you feel the anxiety was a lot of anxiety? Were you really worried?
S: No. It was more jxast like a little nervous - just like - kind of like - OK - this is
not normal.
F: Did you feel like you desperately needed to get out of there?
S: No. Nothing like that.
F: And so, if you were to choose - if you think about the 1st condition again - if
you were to choose, which woTild you prefer? Sit quietly or speak?
S: Probably, just sit quietly.
F: And is there a word you could use to describe how you felt in there?
S: During the middle test?
F: Yes.
S: "Nervous" would actually probably be good.
F: "Nervous" is the best word?
S: Yes.
F: You wouldn't choose "breathless" or a word like that? You woxild choose
"nervous" as being a good word?
S: Well -1 - don't know.
F: Well, "nervous" is good.
S: "Nervous" - or... I wouldn't say "breathless"- but it would be more like...
F: Was it "effort"?
S: Yes. It was... "exertion".
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F: "Exertion" - Very good. And was the exertion more or less when speaking?
S: Much more - when speaking.
F: Is there anything else you would care to say about it, that you think would
be important for us to know?
S: Not that I could think of. It was hard to talk.
F: Do you remember it being like the first time - remember when you came in
here for screening? Do you remember that?
S: It seemed a little easier.
F: The first time?
S: No. This time. Except when talking. When just sitting, it was - like - because
last time, it was - maybe, because last time, I was...
F: Well, it was a shock.
S: Well, it was, kind of like - OK - I sensed it was going to happen, and it was
weird. This time, I've experienced it, and knew what it's like. So, it must have
been more of a just like: OK -1 know what is going to happen, so I didn't freak
out.
F: And in this very last one that we had the dome down, did you feel that it was
pretty close to normal, even though the dome was over your head?
S: Yes. It was a...
F: It didn't change your performance?
S:No.
F: You didn't feel anxioias in there?
S: No. It was a... Breathing was fine and evers^thing seemed like normal.
F: Good. So, it didn't affect you being in that container.
S: [unintelligible!
J: Any other feelings that you had?
Did you get any headaches, or anjrthing else?
S: Yes. When on the 2nd one, when the dome came up.
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J: OK - When we took it off.
S: When you took it off, I got a little li^t headed, and had a headache going in
the last one - back here - but then it went away, once the last one started, and
the dome came down.
J: Did you have any tingling in your hands?
S: No. Probably, a little light headed - so it is kind of like, if I stood up right now,
I would probably fall over - Probably lack of oxygen, or whatever.
J: Actually not. You had a lot of oxygen. More than you ever needed.
S: Only after the second one.
J: But you had 93% oxygen.
S: Hey. But it was like the real hard effort, where it was something like - OK then you stop. Head rush - or whatever you call it.
F: It's not gone?
S: Mostly.
F: Some people have said that after the 1st time, they didn't have a headache,
but after the second time, after returning, they develop a headache. It may be
with you a little while.
S: Cool.
F: You might want to take something for it. I don't know. It shouldn't last very
long, but it's not lancommon for people to get one. Any strange tastes?
S: No.
F: Anything with your eyes?
S; Not really. The dome makes your eyes - makes everything flmny - but that
is probably just from the dome. After the last one, I got a chill, after it stopped.
J: That's very interesting.
S: I don't know, if that was just because everything was off, or what, but I got a
chill.
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SUBJECTS
F: How did it feel compared to the last time?
S: I felt fine. I feel a little light headed right now.
F: How does it feel compared to the first time you had the dome down - the first
condition today?
S: It feels like you are out of breath, when you are done. What kind of other
feelings are you looking for?
F: Whatever comes to mind.
S: It's more fatiguing.
F: Is it like anjrthing you have experienced before?
S; It's like general claustrophobia, when you are in a small space, and you are
running out of oxygen.
F: Does an5rthing make it better - or anything make it worse?
S: You end up breathing deeper.
F: Does it help?
S: Yes. It helps, once you have made the adjvistment.
F: How about the reading part of it?
S: Yes. I took a lot more breaths in that case.
F: Did it feel like it was harder?
S: Yes. You had to work a little harder to get the words out.
F: Was it consistent throughout both the reading passages, or did you feel it
was getting worse? Or just as bad?
S; Toward the end, I foxmd myself breathing even more. I guess it is the extra
effort - the cumulative effort, you are putting into it. If I had to read another 4
or 5 times, I am sure that I would be huffing and puffing, by the time I was
done.
F: Did you feel you had to concentrate?
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S: Maybe a little harder. It wasn't a huge factor - I don't think. It's jiost the
extra breathing - the extra effort.
F: You didnt have any changes in your vision, or anything like that? Did you
have any strange taste in your mouth, or anything odd?
S:No.
F: Did you have any headache - did you feel any headache?
S: No. I was starting to feel a headache afterwards.
SUBJECT 4
F: So how does that feel?
S: That was pretty tough.
F: A lot tougher than just sitting quietly?
S: Oh, yes. I knew it would be.
F: Well, some people consider it just the opposite.
S: I could see it... but it doesn't bother me to breathe a little harder. Although, I
am less fit than I was before.
F: Your blood gases were pretty much the same. Maybe a little higher this time
than the last time.
S: I haven't exercised so much lately.
F: Well, I could understand that. Last time you were at 50, this time you went
as high as 53 ... which is not a big difference.
S: But a little less efficient, so to speak. I know you feel better about breathing
hard, if you have done it recently.
F: Exactly. It's true. It's very true. It's not such a shock.
S: I mean, last time, I didn't feel so bad, but today it was like...
F: And today was longer, because you had to do the reading on top. Previously,
we did 5 minutes and stopped; whereas, this time, we did 5 minutes and a
reading. So, speaking is de^tely harder for you?
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S; Oh, yes.
F: And is it like exerdse? Or is it...
S: Ifs almost like exercise. When I exercise, I breathe a lot harder — so its not
like me having a conversation, when I am [coiddn't interpret] — more demand,
but for some, I mean. For me, it's like, I just got done lifting boxes.
F; Thaf s interesting. And is it like anything...
S: It's not like current exercise. Ifs like, I just got done.
F: I know that this gas - both of them... The last one was just air, but both of
them are diy.
S: But it did almost give me a headache.
F: So, to you its like lifting boxes, and being asked to speak at the same time.
S: No. Not at the same time. Once you're done. To me its like 5 minutes after
exercise.
F: All right. When you are just sitting quietly breathing, it's like 5 minutes after
exercise.
S: Or 2 minutes. Let's say, if I do a half mile lap — then when you are done, it
feels like that. Not during.
F: Then, what about speaking?
S; That was weird. I don't know.
F: Can you try to get what you felt like? Is there a word that you could use? Is
it - do you feel - if I gave you a choice, would you feel like an "urge to breathe"?
"Shortness of breath"? "Breathless"?
S: An urge to breathe.
F: "Urge to breathe." Do you feel like gasping?
S: No. I mean, I try to make myself try to hurry, which is kind of bad, but...
F: You want to hiirry, because you want to get through it? Or, because it's...
S: Well, it's the urge to breathe, because the sentence is so long, that you're
trying to stop till you could say it.
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F: So you didn't sacrifice the sentence. You wanted to keep the sentence.
S: And, see, in conversation, I would say less words. Fd say 2 words, or 3 words.
F: But, in the reading, you are trying to get through the sentence?
S: Yes.
F: Right. That's good. So, the "urge to breathe" is a good term for you?
S: Yes.
F: And it was harder during speech than sitting quietly?
S: Yes. I could breathe, sitting in there like that for a long time.
F: I didn't get the feeling that you didn't look too perturbed, too much. Well, you
put your hand out at one stage, and I thoiight... You put your left hand out.
S: Oh, well, you start getting a little uncomfortable.
F: You just wanted to shift. I was worried that you wanted...
S: But, during speaking, I couldn't do that too much longer.
F: 2 times through, that is.
S: The second time is easier though.
F: Now, that was something else that someone reported today, too. The second
time was easier. The second time, they got into a pattern.
S: The first time, I did not like it. I was half way through, and I thought...

SUBJECTS
F: How (fid you feel that time? Pretty much the same as the first
came in?

time you

S: Yes.
F: Did you have a headache?
S; No. Maybe, a little bit, but it went away already. But right after I did a little
bit, it seemed harder that time.
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F: It did seem harder?
S: Yes.
F: Why?
S: I don't know, but it would be interesting to look at, but I haven't been doing a
whole lot recently, becaxise I have been so busy.
F: A little more sedentary.
S: So, I haven't been in my normal exercise mode - playing basketball, lifting,
and stuff like that.
F: It looked pretty good here. Your blood gases were very close.
S: It seemed psychological - it felt like I was breathing harder, and it was
difficult.
F: Is there a difference, do you think, in the last gas condition between speaking
and breathing?
S: Any difference from the first time I did it?
F: From the 1st time you did it, and any difference between the two, did you
feel?
S: It was definitely harder on the last one.
F; On the last one, was it harder or easier speaking as compared to sitting
qmetly?
S: No. It was a lot harder, when I was speaking.
F: Do you think it was harder than the first time you came in ?
S: It seemed like it.
F: So, if you had to choose, what would you prefer to do, while you are in there
in that last condition? Do you prefer to be sitting quietly or to be speaking?
S: Just sitting qmetly.
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SUBJECTS
F: How are you feeling?
S; Good. It was kind of like a brisk walk.
F: A brisk walk?
S: Sort of My body doesn't feel like it.
F: It's sort of weird. Isn't it, when you are sitting still?
S: Yes.
F: How did that feel today, compared to last time?
S: Fine.
F: Any difference from the 1st time that you did that?
S: Just when I had to read. I didn't have to read the 1st time, and I had to
manage my breath. It was kind of like when I was playing football. I had to
breathe hard, so that people could imderstand me, when I was speaking.
F: Did that seem like a long time?
S: Well it is a long passage. It is kind of like walking briskly and talking to
someone, while you are doing it - like hiking.
F: Were you anxious at all? Did you get anxioiis?
S:No.
F: Good. So you were pretty calm, weren't you? Some people, some of our other
subjects, even though they had done it before, they get a little worried about it.
Are there any other words that you would use to describe it? Any particular
word that captxires how you feel in there?
S: Well, it's like you have to manage - you have to manage more - because it's
looking ahead a little more in the passage to see when I am going to... because,
I want it to sound natural. I don't, like, I want it to take breaths at periods or
end of topics.
F: So, if you were to choose, in that last condition, what woiald you prefer to do?
Would you prefer to sit quietly, or would you prefer to be reading?
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S: Sit quietly. It's much easier to manage. In either case, you have to manage
it. Your body has to meinage it. My body heis been in that position before,
because I went HilriTig with people and tried to talk about - world affairs, or
whatever.
F: And while trying to climb a hill.
S: Or while riding a bike - and with someone.
F: Next to you.
S: Wanting to talk to you, and that is when you have to yell a little bit, because
there is space.
F: Were there times, you were breathless or hungiy for air?
S: There were a couple of times, I was a little hungry for air, but I managed it
fine. It was just a matter of...
F: You really had to think about it though?
S: ...matter of losing and making sure that I took enough. So I managed quite
fine.
J: You didn't get warm, you said. Did you get a headache at all?
S:No.
J: Did your vision change?
S: No.
F: Any strsmge tastes in your mouth, that you are aware of?
S: No. - Yes. On that last one, the air tasted a little different. There was
something else in it - a little more of something - or a little less.
F: Actually, a little more of two things..
SUBJECT?
F: Is there sinything that you would say about that last condition in terms of
how it felt?
S: It W£is really painful.
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F: Painful, as in - if I pinch you - painful? What do you mean, painful?
S: I couldn't have read it again. There is no way I coxild have gone through it
again.
F: So, you won't come back again and do it for us?
S; I mean, I couldn't have read the passage another time.
F: You mean, so twice is quite enough?
S: Yes.
F: Was the 1st time worse them the 2nd time you read it in that condition? Or
was it both the same? You know, you read it through once, and then...
S: The 2nd time was much worse. I started to black out half way through. The
words started to disappear.
F: Wow. You are the 1st person that said that. So you had visual problems?
S: Yes. It was starting to get bright. It seemed like the lights went bright by a
factor of 2 or 3.
F: Were you disoriented? Or did you know what you were doing?
S: Yes. I knew what I was doing.
F: Were you concentrating on that? Trying to get that done?
S: Yes. That jvist happens to me, when I get really hot. It has happened to me
before, and it, sort of, starts up.
F: So, you felt pretty hot?
S: Yes.
F: So, you could tell that COj was the last one?
S: Yes. I knew what that was.
F: Did you feel anything with the first one, it felt fine?
S: Yes.
F: So, you were not worried about being in there?

143
S:No.
F: Do you feel all right now?
S: Yes.
F: So, sitting quietly, when you think about the last condition, sitting quietly vs.
speaking - which would you prefer to do?
S; Sitting.
F: Some people have said that sitting quietly is harder, because, during
speaking, they are distracted.
S: Really? I found that speaking was much harder.
F: Much harder?
S: That's true. Extra effort.
F: So, is there a word you would use to describe - is it effort that you felt?
S: Yes.
F: "Effort"? Is there another word?
S: "Effort".
F: Would it be true to say that you were breathless?
S: Yes.
F: Did you feel that you were "breathless" more than "anxious"? Or was
"anxious" greater than "breathless"?
S: "Breathless".
J: So, besides your vision, you don't have a headache?
S:No.
J: But you did get hot?
S: Yes.
J: Did you have siny heart palpitations?
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S:No.
J: Any tingling in yoior fingers?
S:No.
F: So, you really felt that the response or reaction that you had was because
you were extra hot - feeling hot?
S: I think that it felt I was losing oxygen too.
F: Actually, there was far more oxygen.
S: Being in there for the 5 minutes was a bit uncomfortable.
F: And not being able to move.
J: And you are saying speaking is harder?
S: Yes.
F: If you wanted to, did you know we would have let you out?
S: Yes.
F: You felt confident about that. You were not worried about us not letting you
out?
S:No.
SUBJECTS
F: If you can think back and compare it to the condition we had before, what
was tiie difference?
S: It felt different, in that I didnt have to pause as many times, as with the
previous one. It was easier the 2nd time. It felt like I was breathing hard, and it
felt weird. It was kind of paniclqr, a little bit, but I did not fi-eak out.
F: It was a little bit disturbing?
S: Yes.
F: Was it like the 1st time you came in?
S: That was a while ago. I don't know.
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F: You forgot. Was it a surprise?
S: Yes, plus I was in better shape then... I ride every day, plxas I run with my
sister at night.
F: Is it like when you are out of breath during exercise?
S: Yes. It feels exactly like that.
F: Is it harder or easier, when you speak on top of that?
S: The reading is harder, because you have to read. The other part was a little
weird, because you are jxist sitting here, thinking weird thoughts. The speaking
takes yovir mind off of that but it is hard to do.
F: Of the two tasks in that gas, what would you prefer to do?
S: I prefer to read, because it gets your mind off of it.
F: Did you get hot?
S: Yes, and I did get a little of a headache.
SUBJECT 9
F: How did it feel, if you think about the first time you came in? Do you
remember, and, if you think about today, how does it compare?
S: It seems like it was harder the first time I came in.
F: Can you think of why it seemed harder or was harder?
S: It seemed like I was breathing harder this time, or because I was reading
this time, but it seemed like I was getting less oxygen this time.
F: You are actually getting more oxygen this time than you actually needed.
S: I don't remember breathing that hard on the first one.
F: When you were sitting quietly, breathing, was that also harder than the first
one, or was it the reading liat made it harder?
S: It was just the reading that made it harder. Everything else was about the
same.
F: And how did you feel, while you were reading? Can you describe it to me?
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S: Reading the 1st one, 1 had trouble doing my normal reading straight throtigh,
doing normal pausing and getting my normal breaths with pauses, and that
was my norm^ break, and I had to change.
F: You had to change?
S: The 1st one, I had trouble figuring out, where those were, and in the 2nd
part, getting my breath.
F: Why did you have trouble finding where they were?
S: I wanted to read it, how I read it the 1st time. I was trying to read it without
breathing, and I realized that I needed to breathe, and so I started taking my
breath.
F: Is there a word you could use to describe how you felt, sitting quietly
breathing that gas?
S: Sitting there covild be considered strenuous.
F: Were you anxious?
S:No.
F: You were not worried about being in there and us not letting you out?
S: No.
F: You were comfortable about that? You were not fi:ightened?
S:No.
F: So it was strenuoxas. Was it more strenuous than swimming or something?
Was it like swimming, or was it different?
S: It was totally different, just because of the mind set, while sitting here - like
it should not be happening.
F: And what about when you were speaking? Would you xise the word
"strenuous" again for speaking? In the same condition?
S: Probably something a little harder. It was very difficvdt.
F: If you were to choose a word, could you choose a word that is harder that
would be appropriate?
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S: It was breathtaking.
F: Would you do it eigain?
S: If it would help you. Yeah. It wouldn't be for my own benefit, if I had a choice.
F: If you had to choose between sitting in there qxiietly and speaking, which of
the t^ks would you do?
S: Speaking in that gas? I'd just sit in there.
F: You would prefer to just sit in there? Speaking did not distract you in there?
S: If I had a choice, I woxild not speak.
J: You did get hot. Did you get dizzy?
S: After reading the first time, and you lifted the top off, I started to get a
headache.
J: Is it gone?
S: Yes.
J: Where was the headache?
S: It was on top, and then behind my nose.
J: Could you feel your heart beating?
S:No.
J: Was your vision OK?
S: Yes, It was fine.
J: There was not a time, when you were confused, or anything like that?
S:No.
J: How did your speech feel?
S: It felt fine. I, usually, given this condition, have a mumbling problem, so I
was trjdng not to mumble, but I noticed, I went into my mumbling, dioring the
part, where my thoughts were on breathing, instead of trjdng to speak well.
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SUBJECT 10
F: If you think about these conditions that you have just experienced, can you
tell me which condition was most difficult?
S: The 2nd.
F: The 2nd - and was there anything in particular that made it diffictilt? If you
can describe how you felt?
S: Very stiiffy - like having to gasp for air. It wasn't like there was lots of
oxygen in that sense, but just having to gasp for it. Much harder to read it.
F: So reading was harder than sitting in there quietly?
S: Yes. Absolutely.
F: Reading - it was an extra factor?
S: Yes. Absolutely. You are trying to breathe while you read, and try to time
the commas. It's hard.
F: So did you continue to try and time the commas and stuff, or did you just
quit?
S: No, I don't continue to try, but it was very difficult.
F: So you really had to concentrate on it, trying to get them... So, if you were to
choose, in that gas condition, woxild you prefer to sit or speak?
S: To sit.
F: So speaking did not take your mind off this. So "gasping" is a word that you
used. Is there siny other word that you would use to describe how you felt
there?
S: I guess the 1st time I did it, I was a lot more nervous. This time, I knew it
was coming. I felt it, and I...
F: And you knew that was what it was, and you weren't too worried about it.
S: I do not know if it was concentrating on the reading that might have caused
that headache.
F: Were you anxious at all this time? I know that you were anxious the last
time.
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S: No. I was not anxious this time.
F: That's good. It makes a difference. So, you didn't feel like you were desperate
to get out of there?
S: No. I was not trjdng to. No. Not this time.
F: Is your headache gone?
S: Oh, yes.
F: Did you get hot?
S: No. Not hot.
F: Any other sensations?
S: I felt my heart was beating a lot faster -Real big...
F: You could feel it?
S: Yes? Definitely
F: You could feel it pounding?
S: It felt like my heart was definitely beating faster.
F: Yoiir blood pressure went up a bit, but it was more like you were exercising.
Was it like exercise? Was it like nmning?
S; I don't know if you can - it's not the same high, when you run, but it was the
same feeling of - l^d of getting winded, but I don't know how to explain it.
F: Out of breath?
S: Out of breath, in a sense. Yes.
F: Was it worse than running?
S: Well, No. No way. But then it also didn't bring any gratification.
J: Could you see OK? Was yoxir vision all right?
S: My vision is fine. It just got a little cloudy - it looked like. I do not know if I
was breathing right in ^ere or what.
J: You said you felt a little disoriented though? So, something was going on.
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S: I felt light headed, definitely.
J: When you said disoriented, you mean you were?
S: Oh, Yes. My orientation was fine -1 guess I shoxild say - but I did feel li^t
headed, and I felt kind of off balance - in a sense. I knew where I was. I knew
what I was doing, but I felt a little off balance.
J: Was the predominating sensation one of this sort of gasping?
S: It was tightness - tightness. It was not like fi:ee breathing, here. It was
definitely tight. Kind of a little more stressful, I guess.
J: Did your speech feel it was the same?
S: No. It didn't.
J: What do you think was different?
S: The words were not coming off as easy. I really had to focus to read that - It
was a reaUy big focus. I was reading the 1st part, and it was like "God. One
down."
F: You wouldn't want to read anjrthing longer than that?
S: No. I wasn't looking forward to reading it again.
F: When the gas came on this last time, were you anxious? Did you think it was
the same gas again?
S; No way.
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