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EXECUTIVE SUMMARY

This study examined the affect of added inspiratory resistance (R,) on breathing
patterns and work performance during progressive intensity exercise, steady-state
exercise and constant effort work. Its aim was to determine the relationship
between respiratory sensations and hypercapnic responsiveness to exercise
breathing pattarns -ind external work performance. We found that mild R, (5 cm
H120Lsec"&) did not alter peak oxygen uptake, peak power output, or steady-state
submaximal work du.ation. However, during progressive intensity exercise, changes
in the pattern of breathing, particularly a reduction of mean inspiratory flow (an index
of respiratory dr•e) occurred with the imposition of the R, whereas, the breathing
cycle timing components were relatively unchanged. During submaximal steady-
state exercise, added RA decreased mean inspiratory flow but prolonged the duty
cycle thus maintaining minute ventilation. Despite its effects on breathing pattern
and respiratory work, imposition of added R, did not affect constant effort functions
to cycle ergometry, suggesting that perception of respiratory effort did not
significantly influence the perceived effort of the exercise task. Exercise minutu
ventilation was found to be strongly correlated to subjects' ventilatory hypercapnic
responsiveness. We demonstrated that of the components of minute ventilation,
timing and respiratory drive, the latter was correlated to hypercapnic responsiveness
but the former was not during both maximal intensity and submaximal exercise
tasks. The subjects' perception of added inspiratory resistance 'magnitude estimate)
did affect their pattern of breathing when added inspiratory loads were present, but
the ventilatory responsiveness to hypercapnia was the stronger determinant of
exercise hyperpnea. The finding that both submaximal and maximal exercise minute
ventilation was strongly correlated to subjects' ventilatory hypercapnic
responsiveness, suggests it may be possible to screen soldiers who are more prone
to work performance decrements when wearing a CB mask. Moreover, the
observation that respiratory drive (rate of respiratory muscle force development) was
correlated both to oxygen uptake and hypercaplic responsiveness during both
maximal intensity and submaximal exercise tasks, suggests that respiratory muscle
strength training' programs may help alleviate the adverse respiratory sensations
experienced by soldiers wearing C3 masks. Further research into screening
programs and if respiratory muscle training improves the partern of exercise
nyperpnea with concomitant amelioration of adverse respiratory sensations will need
to be conducted.
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INTRODUCTION

The U.S. Army must be prepared to engage in military operations in a nuclear,
biological and chemical (NBC) contaminated environmbnt. During these operations

soldiers wearing MOPP (Mission Oriented Protective Posture) gear will engage in a

variety of tasks that require physical exercise. Soldiers are prov'ded with individual
protective equipment (MOPP gear) to protect against NBC contamination. One

element of the MOPP gear is the chemical-biological (CB) protective r,mask. The
new M40, and older M17 field and M25 tank series of CB masks can provide

respiratory protection against field concentrations of all known chemical and

biological agents in vapor and aerosol form. Filter elements located in the
inspiratory circuit of'the CB masks filter ccntaminated air to remove the agents.
Wearing the CB masks impairs the performance of moderate and high activity tasks

encountered in military operations (23,24,28,35). The mask's principal limitation on

the tolerance to physical activity is the resistance to inspiratory and expiratory airflow

developed by the mask's filter elements and valve assemblies.

Numerous studies (6,12,13,20,22,28,40,41) have provided data for determining

tolerable limits of external breathing resistance. However, a common observation of
many of these studies is the considerable variability between subjects in the degree

of discomfort felt and tolerance to exercise under similar conditions of physical

stress while breathing through a mask (6,12,17,22,35,41). 'It is well known that the
ability of healthy subjects *o judge magnitudes of added loads to breathing varies
widely (26,30). But, little is kncwn concerning how an individual's sensitivity in

perceiving added loads to breathing influences their regulation of ventilation when
breathing is opposed and consequently their ability to perform hard work. Therefore,

this study examined the relationship between an individual's ability to judge the size
of added inspiratory resistive loads and the means by which they attempted to
maintain ventilation when breathing through an added inspiratory resistance similar

to a CB mask. Our hypothesis is that there is a direct positive relationship between
individual perceptual Derformarice in scaling added resistive loads and the degree of
ventilatory load compensation exhibited when breathing is opposed by wearing a CB

mask. Specifically, the study had the following aims:

1. Demonstrate a wide range of perceptual performance in scaling added
inspiratory resistance in normal soldiers.
2. Demonstrate a v,`de range of respiratory sensitivity to hypercapnia in normal

3



soldiers.
3. Determine the effect added inspiratcry resistance has on breathing paterns
and work performance during: progressive intensity exercise; steady-state
exercise; and constant effon exercise.
4. Determine the relationship between respiratory sensations and hypercapnic
responsiveness to exercise breathing patterns and work performance.
5. Evaluate the effects of added resistance to breathing on the subjective
regulation of exercise intensity by perceived exertion.

BACKGROUND

Although the first use of CB masks during military operations dates back to World
War I, the development of standards for acceptable levels of breathing resistance of
protective masks did not occur until World War II. Several studies by Silverman et
al. (39,40) investigated the effects of breathing against added resistance while
working at various rates on a bicycle ergometer. Healthy male subjects exercised
for 15 minute periods at work rates ranging from 0 to 1660 kgm'min" with added
inspirator/ resistances ranging from 0.6 to 10.6 cm H20 measured at a flow rate of
85 Lmin1 . Increases in the resistance to breathing resulted in decreased
submaximal oxygen uptake and minute ventilation at work rates above 830
kgmminI. Most subjects were able to tolerate the added resistance provided the
total external respiratory work did not exceed 2.5 kgmmin" at the low worklcads and
13.3 kgmmin"' at the high workloads. These data have provided the basis for all
modern-day military CB mask design criteria and certification tests. Numerous
studies have 6Aended these original observations with the goals of determining a)
acceptable levels of resistance for industrial and military respiratory apparatus; b)
the degree of work impairment that occurs when wearing protective respiratory
equipment; and c) the physiological responses which limit the tolerance to physical
activity when breathing is opposed.

In 1960, Cooper (13) suggested standards of resistance which he expressed as
the rate of respiratory work done on a breathing apparatus per minute ventilation.
The maximum respiratory work rate done on a mask expressed in kgmmin" was
arbitrarily set at one-fourth of the minute ventilation (Lmin"). Since Silverman et al.
(40) had suggested lower levels of respiratory work, Cooper acknowledged that this
standard may represent an excessive resistance and that the ideal mask may have
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a resistance one-half of this standard. Thirteen years later, Bentley et al. (6) re-
evaluated tolerance to added resistance to breathing in 158 mine rescue workers
during exercise. The added inspiratory resistance ranged from 1.9 to 19.5 cm
H20L1's"1 measured at 85 Lmin1 . After completion of the exercise, each subject
selected one of four statements which most closely described his sensation of the
effect of the resistance on his breathing. The results indicated that peak inspiratory
pressure and the inspiratory work rato per liter of inspired air were closely correlated
with the sensation of dyspnea. From their data, Bentley et al. formulated a standard
for acceptable resistance such that 90%.of the population tested would not
experience dyspnea. They determined the level of external respiratory work done
on a mask should not exceed 0.17 kgm-L" of inspired air, or under steady flow
conditions the pressure drop across the inspiratory valve and filter should not
exceed 17.0 cm H20. This level of tolerable external respiratory work is below that'
suggested by Cooper (13), but above that derived by Silverman et al (40).

Given the pressure-flow characteristics of the M25, M40 and M17 series of CB
masks, and applying Bentley et al.'s results, we predict that discomfort 'In breathing
would be experienced by 10% of the. wearers at minute ventilations of 55, 67 and
89 Lmin-1 for each mask, 'respectively. These levels of minute ventilation are
commonly attained during moderate intensity exercise and may represent the
threshold above which the widespread development of dyspnea may impair soldier
work performance.

Many. studies have investigated the, performance decrement that can be attributed
to CB mask wear. Some' of the performance decrements measured are not due to
respiratory stress but to other nonresistive characteristics of the mask facepiece
(skin irritation, restricted visual field, psychological problems) (32). Generally, little
effect of resistance is seen on performance during low intensity, long-term activities.'
However, with tasks that demand a high percentage of an individual's maximal
aerobic power, performance seems to be dependent on breathing resistance (24).
Cummings et al. (15) reported that wearing a CB mask increased the time to
accomplish a one-half mile run by 11%. Lotens (28) found a 16%'performance
decrement during 400 m and 3 km runs while wearing the C-3 respirator. Similar
results were obtained during British studies of their S-6 respirator. Most studies
have tested work performance of men wearing masks using both fixed task-variable
rate and fixed rate-variable time end points. A different approach to evaluating work
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performance is the use of the Borg psychophysical scale of perceived exertion to set
and adjust exercise intensity. Smutok et al. (42) demonstrated that subjects are
able to subjectively regulate their exercise intensity. However, no data have been
reported in which subjects set and regulate their exercise intensity by perceptual

feelings with and without an added inspiratory resistance. Such a study could
provide a novel means of evaluating the performance decrement related to mask
wear and deriving a model capable of predicting soldier work performance while
wearing a CB mask.

The mechanism by which added resistance to breathing impairs work

performance is potentially complex. Cerretelli et al. (12) investigated the effects of

three levels o" added resistance (2.5, 9.0, 17.5 cm HýOL"s") applied to inspiration

and expiration during treadmill exercise at various intensities. Increasing added
resistance to breathing decreased minute ventilation and endurance time at each
level of exercise. The reduction in ventilation was directly proportional to the
increase in fesistance. Maximal oxygen uptake (V0, max) was reduced, but the
relationship between oxygen uptake and submaximal workload was not altered.
When breathing through added resistance, the relative hypoventilation resulted in an
increase of alveolar carbon dioxide, which may impair the capacity for work.

Cerretelli et al. (12) also observed that at the highest levels of exercise the work
could no longer be tolerated when the intrathoracic pressure difference between
inspiration and expiration exceeded 100 cm H20. In an additional experiment done
at rest, resistance was added until the subject could not continue. Again, the
maximum intrathoracic pressure difference was 100 cm HO. They speculated that
when intrathoracic pressure swings approach this level, some protective mechanism
intervenes to limit the respiratory work.

In 1972, Hermansen et al. (20) investigated the respiratory and circulatory
response to added air flow resistance during exercise. Using an M9 gas mask
(inspiratory resistance 9 cm H2OL's', expiratory resistance 2.6 cm H2OL's") they
observed reductions of minute ventilation and maximal oxygen uptake consistent
with the report of Cerretelli 9t al. (12). Likewise, at all submaximal workloads up to
approximately 75 percent of VO,, max the oxygen uptake-workload relationship was
unaffected by mask wear. Hermansen et al. noted that ventilatory rates were lower
with the mask on and rose only to 30 breathsmin" during exercise. Additionally,
average heart rates during submaximal exercise were higher when wearing the
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mask but were similar at maximal exercise to those obtained without added
resistance to breathing. "he authors concluded that the level of added resistance
imposed in their study co npromised aerobic performance only at exercise intensities
above 75% •/O2 max.

Demedts and Anthoni.=en (17) obtained results similar to those previously

reported (12,20) during e(ercise with three levels of increased inspiratory and
expiratory resistance (2.5 5.25 and 16.0 cm H2OL"s"). Two additional observations

were made. First, at each level of added resistance, maximum exercise ventilation
was about 70 percent of the 15 second ma.':.imum voluntary ventilation measured
with that resistance. Ho•rever, the two lowest resistances did not diminish exercise

/

tolerance, although they •ere readily detectable. Secondly, in four of the subjects

examined, an important relationship was observed between an individual's ventilatory
response to CO2 and the degree of their respiratory effort while breathing against

added loads. When breathing was opposed by added resistance, subjects with low
CO2 response curves minimized their ventilatory effort and let their alveolar CO= rise.

Those subjects who were most sensitive to CO2 increased their respiratory work in
order to maintain alveolar CO2 near normal. Consequently, the latter subjects'
exercise intensity and dulation were more limited by the added resistance. The
authors concluded that tile exercise limitation imposed by added resistance to

breathing is dependent ol the ventilatory limitations produced by the re.,;istance and
on the CO2 responsivenet s of the individual.

!
Concerning the latter •echanism, several studies have demonstrated that low

responders to hypoxla or hypercapnia breathe less than high responders during

exercise (29). Recently, D'Urzo • (18) reported that the ventilatory response
below the ventilatory threshold was correlated with the subjects' COz sensitivity.
Furthermore, they showed that a mild increase of inspiratory resistance during
progressive exercise to e•xhaustion altered ventilatory cor•trol at work loads that

t
exceeded the ventilatory lhreshold. Subjects with higher CO2 sensitivities produced
greater inspiratory flows ihus minimizing the load induced hypoventilation at

maximum exercise. How•ever, D Urzo et al. did not report which of the volume and
timing components of the exercise breathing pattern were correlated to subjects' CO•
sensitivity. Nor has any Istudy fully investigated the potential relationship between

individual CO2 responsive hess and limitation to steady-state exercise when wearing
CB masks.
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The studies of Cerretelli et al. (12), Hermansen et al. (20), Demedts and
Anthonisen (17) and D'Urzo et al. (18) all demonstrate a reduction of minute
ventilation during exercise with added resistance to breathing. Several investigators
(14,23) have shown that this limitation of ventilation during exercise is the effect of
attempts to minimize the total respiratory work by reducing the expiratory duration
(TJ) of each breath in order to prolong the inspiratory duration (T). Craig. et al. (14)
studied 13 subjects who exercised to exhaustion on a treadmill while breathing
through added inspiratory resistances (1.5 to 15.5 cm H26'L's") and expiratory
resistances (2.0 to 3.9 cm H2O'Lf"s"). Increasing the resistance to breathing,

decreased the time to exhaustion. As ventilation increased in response to the
exercise, T, decreased while the T, remained almost constant. A subsequent study
by Johnson and Berlin (23) demonstrated in 10 subjects that a minimum T, of 0.66
s corresponded to the voluntary termination of exercise., Accordingly, when wearing
a CB mask, minute ventilation can increasein response to the metabolic demands
of the exercise until the minimum T, is reached. Thereafter, minute ventilation falls
below the metabolic needs of the individual and impairs continued exercise
performance.

A potential consequence of prolonged work while wearing a CB mask is
respiratory muscle fatigue. During exercise with no opposition to breathing,
ventilatory muscle endurance does not appear to constitute a limitation to exercise
performance (3,10,21,45). Therefore, studies of respiratory muscle fatigue generally
employ a mechanical load on breathing to produce the desired degree of fatigue
(4,5,34). Respiratory muscle fatigue is usually measured as the inability to develop
and maintain a target pressure or flow, decreased endurance time, or a shift toward
lower frequencies of the muscles' electromyogram pcwer spectrum (37). The work
of breathing increases as the resistance to breathinC is increased. The greater the
fraction of the maximum pressure developed by the inspiratory muscles in order to'
breath across a resistance,, the greater the energy demands of the muscle.
Roussos and Macklem (37) found that the endurance time'of the human diaphragm
is less than'60 minutes when the transdiaphragmatic pressure (Pdi) developed with
each inspiration is greater than 40% of the subject's maximal Pd;. Bellemare and
Grassino (4,5) demonstrated that development of diaphragm fatigue was dependent
upon both the relative Pdi developed and the duration of the contraction or duty
cycle (TT,'T). This tension time index (Pd PdmaxTIT.'. was found to have a
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critical value of about 0.15. Above this value, diaphragm fatigue would develop
limiting ventilatory endurance time to less than 45 minutes. Most investigations of
respiratory muscle fatigue have utilized large resistive loads and an experimentally
imposed pattern of breathing of short duration to produce fatigue. The development
of respiratory muscle fatigue has not been examined in working soldiers while
wearing CB masks. Although it has been speculated that respiratory muscle fatigue
is a limiting factor of work performance when wearing CB masks, this relationship
has not been demonstrated.

In conscious humans the ventilatory response to mechanical loading is also
modulated by neural responses mediated through conscious perception of the added
load (2,16). Psychophysics is the scientific study of the relationship between
stimulus and sensation. The psychophysical technique of magnitude estimation has
been used to study respiratory sensations. This scaling technique assesses subjects'
perceptual performance in judging the magnitude of a suprathreshold stimulus (eg.
added resistance, elastance, volume).

Since 1978 numerous studies have concluded that the relationship between the
perceived magnitude of added resistive loads and the intensity of the loads follows
Stevens' psychophysical power law (7,8,9,19,26,27,30,31,43,50) where the perceived
magnitude (T) of a stimulus is related to the physical magnitude of the stimulus (0),
by a constant ( K ), and an exponent ( il ): T - K6" (31). The exponent provides
an index of the perceptual magnitude with which sensation is perceived as a
function of stimulus magnitude.

Results of several studies (1,11,25,27) suggest that signals related to: 1)
respiratory muscle force generation, and/or 2) motor command to the respiratory
muscles, may contribute to the perception of added loads to breathing. Perceptual
performance during a scaling task is very reproducible within a given subject but has
been observed to vary'greatly between subjects. For 10 duplicate stuc;.,s in 10
subjects, Killian et al. (26) reported the intrasubject variation was very narrow (mean
coefficient of variation, 7 percent), whereas intersubject variation was quite wide
(mean coefficient of variation, 230 percent). Muza et al. (30) reported in ten healthy
male adults, that the magnitude estimate ranged from 0.37 to 1.20. Little is known
concerning the important question of whether or not an individual's perceptual
sensitivity influences how they regulate ventilation when bmeathing is opposed.
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Gottfrled et al. (19) examined the relationship between perceptual performance and
the ventilatory responses during resistive loading in normal subjects and chronically
obstructed pulmonary diseased (COPD) patients. The normal subjects had lower
thresholds for load detection and higher exponents for magnitude estimation than
the COPD patients. The former exhibited a greater increase in occlusion pressure
with inspiratory loading than the latter. These results suggest the high perceptual
sensitivity to added respiratory loads is associated with improved ventilatory load
compensation.

Muza et al. (30) examined the relationship between perceptul performance and
load compensation responses to inspiratory resistance (8 cm Hl&-"s") added for
one to three breaths in ten healthy subjects. Significant (p<.05) correlations were
obtained between subject's perceptual performance and the first loaded breath mean
rate of rise of inspiratory mouth pressure, minute ventilation and duty cycle. These
results suggest that healthy subjects who have a greater perceptual performance in
scaling added inspiratory loads are better able to preserve their ventilation when
unexpectedly confronted with an added load.

The wide range of perceptual performance observed in the heiAt,.v adult
population may account for the reported variability between subjects in' the degree of
discomfort felt and the tolerance to exercise under similar conditions of physical
stress while breathing through a CB mask. Therefore. this stud. tested the
hypothesis that there is a direct positive relationship between iiidividual perceptual
performanca in scaling added resistive loads and the degree of ventilatory load
compensation exhibited when breathing is opposed by wearing a CB mask.
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METHODS

SUBJECTS

The physiological responses to added airflow resistance were examined in twelve
male subjects. They received a medical examination and were informed of the
purpose and procedures of the study, any known risks and their right to terminate

Spailicipation at will without penalty. Each expressed understanding by signing a
statement of informed consent. The physical characteristics of the subjects are
presented in Table 1. The subjects' medical examination revealed no history of
pulmonary disease or neuromuscular disorders and were of average or better
physical tikness as measured by peak aerobic power tests.

The experimental protocol was conducted over four test days. Each subject was
tested individually. All exercise was performed on a semi-supine, electrically braked,
cycle ergometer. On the first day, each subject received instruction and practice on
the bquipment and testing procedures. Followirng this practice session each subject
was then administered the first of two peak aerobic power tests (V02 peak) and
two self-paced work tests.

PEAK AEROBIC POWER TESTS

The peak V0 2 tests were conducted under two different experimental conditions
using a progressive intensity, continuous effort cycle ergometer protocol to
exhaustion. The subject performed the test while breawhing through a facemask that
provided minimal opposition to breathing (control condition, R.) and a mask
configured to provide an inspiratory resistance of 5 cm H2OL*s1 (experimental
condition, R,) (Figure 1). The two peak V0 2 tesis were conducted on separate test
days. The .ubject sat on a cycle ergometer and breathed through a facemask
(Rudolph #7900). The inspiratory ports of the mask were connected to one of two
breathing circuits allowing selection of two resistive loads (R0 and R,). Inspiratory
flow, measured with a pneumotachograph, was integrated to give inspiratory volume
(V,). Mouth pressure (Pm) was measured from a pressure port on the mask's face
piece with a Validyne pressure transducer. lnsplraory and expiratory durations (T,
and T, respectively) were determined from the mouth pressure tracing. End tidal
P.. was sampled and analyzed by an infrared CO2 analyzer (Beckman LB-2). The
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expiratory port of the mask was connected to the Sensormedics Horizon MMC
System for determination of respiratory exchange measurements (V02, VCO2, RER
and VE). Heart rate (HR) was obtained from an electrocardiogram and recorded
periodically. Blood pressure was measured by auscultation. Before the exercise

began and immediately after the peak VO test ended, an Environmental Symptoms
Questionnaire was administered.
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AIR FLOW (L-sec-1)

Fig. 1: Plot of pressure flow characteristics of the inspiratory breathing circuit.
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TABLE 1
SUBJECT CHARACTERISTICS

S HEIGHT WEIGHT AGE FVC" FEV, PEAK Vo,
# (cm) (kg) (yr) (%) (%) (mIkg".min")

1 178 so 24 91 99 40

2 173 73 22 100 105 51

3 166 74 29 92 96 43

4 185 72 28 77 77 57

5 166 62 21 81 78 43

6 172 70 24 112 109 43

7 171 62 21 a2 79 43

8 178 76 22 104 100 49

9 175 83 34 89 95 48

10 174 67 21 78 91 35

11 159 66 19 106 109 53

12 176 72 23 104 111 50

MEAN 173 72 24 93 96 46

S.D. 6 6 4 12 12 6

* Percent of age predicted normal
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SELF-PACED WORK PROTOCOL

The purpose of this investigation was to determine the performance decr ment
produced by a CB mask and whether a relationship exists between work
performance and sensitivity to respiratory stimuli. The subject was instrume ted as
described for the peak V02 exercise tests. Two 30 minute self-paced work trials on
the cycle ergometer were run with an appropriate rest period between each rial.
Either the RP or RA breathing circuit was used. Presentation of the minimal r
increased resistance first was balanced between subjects.

The subject was instructed how to adjust the cycle ergometer work load I d
practiced pedaling at the selected revolutions per minute. The two constant ffort
trials were conducted with an initial power output of approximately 70% peal V0 2.
For the first minute of the constant-effort trial the subject maintained the initi I power
output. Then the subject controlled the load selector and made changes w enever
necessary to maintain the prevailing level of effort constant over the next tw nty-
nine minutes. The subject's power output was continuously measured alon with
the previously described ventilatory and 'cardiovascular parameters. The
performance decrement incurred by the inspiratory resistance was quantifie as a
function of the power output each subject was able to sustain-with and with ut the
added inspiratory resistance. The measured performance decrement was c mpared
to each subject's sensitivity to respiratory stimuli to evaluate the influence o
respiratory sensations on power output performed.

The second test day consisted of two test phases: sensitivity to respiratc ry
stimuli and steady-state exercise.

SENSITIVITY TO RESPIRATORY STIMULI

Two tests wore administered to evaluate each subject's sensitivity to mechanical

and rhemical respiratory stimuli: a) inspiratory resistance load magnitude
9stimation and b) ventilatory responsiveness to carbon dioxide rebreathing. First,
the subject's forced vital capacity (FVC) and forced expiratory volume in on second
(FEV, o) were measured using a Collins 9 L respirometer.

For the resistive load magnitude estimation test, a resistance manifold, Smilar to
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one described by Wiley ana Zechman (44), consisting of eleven sintered bronze
discs arranged in series in a 2.75 inch diameter lucite tube was used. Rubber
stoppers were placed in ports between the discs to produce the desired load.
Subjects were seated behind a screen and breathed room air through a Collins two-

way "J" valve whose inspiratory port was attached via 1.5 inch diameter plastic
tubing to !hq resistance manifold. Mouth pressure (Pm) was sampled from the
middle chamber of the two-way VJ" valve by a 'diffe,'ential pressure transducer
(Validyne Model MP45-1-871, range ± 50 cm H20). Inaoired volume measurements
were obtained by electronically integrating flow (V) which v'as measured by a
pneumotachograph interposed between the two-way VJ" valve and mouthpiece and

connected to a differential pressure transducer (Validyne Modei MP45-1-871, range
+ 2 cm H20). All measurements were simultaneously recorded on a direct writing
polygraph (Western Graphtec) and an analog tape recorder (Hewlewt Packard, model
3968A).

LOAD SCAUNG PROTOCOL

Five suprathreshold resistive loads (5.8, 8.0, 12.5, 20.0 and 31.0 cm H20L1 's1 ).
were used 'in this part of the study. The subjects were instructed that after their
breathing pattern had stabilized, suprathreshold resistive loads would be added to
inspiration. The load intensity was randomized and each loaded breath was
separated by several unloaded breaths. A light cue was presented on the preceding
expiration for each inspiratory load. The subjects' task was to squeeze a handgrip
dynamometer coincident with the 'loaded breath to express the pattern and the
perceived magnitude of each added resistive load (cross-modality matching). At the
onset of the experimental run, the subjects were presented a moderate size load
(12.5 cm H20) and instructed to develop a moderato harndgrip force. No further
information was provided to the subjects regarding the load range nor was any

statement made when the moderate size load randomly appeared during the
experimental run. Each of the five resistive loads was presented four times each
during inspiration for a single breath. The subjects monitored an oscilloscope
display of their airflow and were instructed to track their airflow at 0.5 I-sec1 for the
duration of the loaded inspiration.

Stevens' power law ( TI' Ko' ) was used to define the relationship between the
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subjects' estimate of the added loads (magnitude estimate or ME) and the physical
stimulus. The exponent (q) was obtained by performing a logarithmic

transformation: Log IF - i1 Log 0 + Log K (eq. 1) where r1 becomes the slope of
the line when Log T is plotted against Log 0 . The slope, "1, is defined as the
subject's ME. For each subject, the means of the estimate (mm deflection of grip),
and corresponding peak P, were determined for each load level. Then each
subject's solution to equation 1 was found for inspiratory resistive loads with peak
P,, taken as the physical stimulus and handgrip deflection taken as the perceived
magnitude. The slopes, intercepts and correlation coefficients of the log transformed

stimulus-response relationships were calculated by the method of least squares.

HYPERCAPNIC RESPONSIVENESS PROTOCOL

Subjects' ventilatory response to CO2 (hypercapnic responsiveness) was
measured by the rebreathing technique (36). For this rebreathing method, the
subject rebreathes from a small bag containing an initial mixture of C02 (7%) and C2

(balanced) at a volume one liter greater than his vital capacity for a period of four
minutes during which the subject's alveolar C02 (PACO2) increases. Minute
ventilation and PICO2 were measured every thirty seconds during the procedure.
Hypercapnic responsiveness, (AVE APACO2'), was calculated using least squares
regression.

STEADY-STATE EXERCISE PROTOCOL

This phase of the investigation was designed to evaluate the relationship between
an individual's sensitivity to respiratory stimuli and the degree of ventilatory load
compensation exhibited when breathing is opposed by added resistance during
exercise. The subject sat on a cycle ergometer and breathed through a facemask
(Rudolph #7900). The inspiratory ports of the mask were connected to one of two
breathing circuits allowing selection of two resistive loads (R, and R,). The subject
was instrumented as described for the peak VO2 exercise tests.

A stable breathing pattern was then recorded with either the R6 or R, inspiratory
resistance (control period) before starting the steady-state exrcise. The exercise
period was 30 minutes long. During ihe first 5 minutes the power output was
adjusted in order to obtain a measured oxygen uptake equal to 60% of the subject's
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measured peak V0 2. Before the exercise began and immediately after the constant
effort exercise test ended, an Environmental Symptoms Questionnaire was
administered.

On the third day the second self-paced work and peak Vo, tests were
administered. The second steady-state exercise test was performed on the fourth
test day.

STATISTICAL ANALYSIS

A repeated measures ANOVA was utilized to determine if added resistance to

breathing altered the ventilatory responses during each of the exercise protocols.
Linear regression analysis (least squares) was used to test for relationships between
subject's sensitivity to CO2 and added resistance and the exercise pattern of

brewhing. A stepwise multiple regression analysis was used to test for relationships
between selected breathing parameters.
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RESULTS AND DISCUSSION

VENTILATORY SENSITIVITY ;O HYPFRCAPNIA AND ADDED INSPIRATORY
RESISTANCE

The ventilatory responsiveness to CO2 for each subject is presented in Tabie 2.
The group mean response (2.67 L min"mmHg" PACO2) was very dose to the value
(2.53 L mln"-mmHg" PACO 2) reported in previous studies (38) involving larger subject
populations. Hypercapnic sensitivity ranged from 0.57-4.75 L min*'mmHg" PAC0 2

with a coefficient of variation of 45%. Therefore, our subject population's ventilatory
responsiveness to hypercapnia demonstrated the expected distribution and range for
a normal, healthy, adult popu!ation.

Each subject's perceptual sensitivity (ME) to added inspiratory resistive loads, is
also presented in Table 2. The group mean (0.58) is similar to exponents obtained
with identical experimental conditions by previous investigators (0.73, ref 31,46).
Perceptual sensitivity ranged from 0.27 to 1.10, with a coefficient of variation of
47%. Again, this range and distribution was consistent with previous studies of
normal young adults (31,46).

Regression analysis indicated that there was a significant (p<0.05) correlation
(r.0.66) between these two measures of sensitivity to respiratory stimuli. Thus,
these two measures of sensitivity to respiratory stimuli shared 33% of the variance.
This finding suggests that sensitivity to respiratory stimuli, whether chemical or
mechanical, may not only be specific to a given stimulus modality, but may also be
partially Influenced by a central nervous system's overall sensitivity to afferent input.
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TABLE 2
SUBJECT'S HYPERCAPNIC RESPONSIVENESS AND

MAGNITUDE ESTIMATION OF ADDED LOADS

S AVIE-APACO 2' MAGNITUDE
# (Lmin*mmHg"') ESTIMATE

1 1.49 0.09

2 .4.75 0.54

3 3.56 0.69

4 3.85 1.10

5 0.57 0.16

6 2.52 0.47

7 1.75 0.41

8 2.70 0.50

9 3.75 1.09

10 1.26 0.27

11 3.36 0.53

12 2.46 0.52

MEAN 2.67 0.58

S.D. L±) 1.19 0.27
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VENTILATORY AND METABOUC RESPONSES TO PROGRESSIVE INTENSITY
EXERCISE

All subjects completed two progressive intensity exercise bouts to fatigue on a

semi-supine cycle ergometer. Inspiratory resistance was either Ro or R,. Neither
the peak external work achieved (261 ± 26 and 257 ± 30 W with Ro and R.
respectively) nor the peak VO2 (46.2 + 6.0 and 44.7 + 5.8 mikg"min", Ro and R.
respectively) were significantly altered by addition of the added inspiratory

resistance. Therefore, this level of inspiratory resistance did not limit the subjects'
ability to briefly achieve their maximal external work or peak aerobic energy

expenditure.

As work intensity increased, minute ventilation increased proportionally to
metabolic demand (Fig. 2). As expected, minute ventilation was highly correlated
(p<0.01) to oxygen uptake. With the RA and R. loads, minute ventilation increased
3.4 and 2.92 Lmin" for each mlkg"-min' increase of oxygen uptake respectively:
However, the exercise minute ventilation response was not significantly (p>0.05)
different between Ro and R. experiments. Minute ventilation is commonly analyzed
by its volume and timing components, tidal volume and breathing frequency (f). A
more sophisticated analysis of the pattern of breathing is obtained by dividing minute
ventilation into its mean inspiratory flow rate (VT,') and duty cycle (T,T,,"). In figure
3 these components of minute ventilation are plotted as a function of V0 2. The
reletionship between duty cycle and oxygen uptake was not significantly different
from zero with the R, (r-0.26) load. However, with the R. load, respiratory duty
cycle became highly (p<0.01) correlated (r=0.67) to oxygen uptake. Thus,
progressively increasing exercise hyperpnea without added inspiratory load does not
rely upon changes in the duty cycle to augment minute ventilation but addition of an
inspiratory load elicits changes in the breath's timing components. The mean
inspiratory flow was highly correlated (r=0.96 and r-0.95 for R, and A, respectively)
to oxygen uptake. At low to moderate levels of Vo, (15-45 mlkg'min") , the mean
inspiratory flow was not affected by the addition of the R, load. However, the R,
resistance did significantly (p<0.05) depress the mean inspiratory flow at peak levels
of exercise. Thus the mean inspiratory flow demonstrated greater sensitivity to the
imposition of added inspiratory resistance than the duty cycle. Since the mean
inspiratory flow rate is an index of the respiratory drive (10), these results suggest

that this level of added inspiratory resistance was sufficient to reduce the force
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generation ol the respiratory muscles. Whether this was the result of a reflex
inhibition of inspiratory drive at the respiratory center, spinal level or fatigue of the
skeletal muscles is not known.
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Fig. 2: Minute ventilation during prcgressive intensity exercise to fatigue as a
function of oxygen uptake. Linear regression analysis plotted for load R% (solid
line) and A. (c'otted lIne).

The magnitude and pattern of the peak ventilatory response during maximum
intensit" 9-4arcise was related to each subject's hypercapnic responsiveness. As
shown in figure 4, peak minute ventilation was Hi-hly correlated (r=0.82, p<0.01) to
hypercapnic responsiveness (t.Aope=15.9 ) and the imposition of the R, resistance
significantly (p<0.05) reduced this relationship (slope=10.9, r=0.83). The peak mouth
pressure (Fig. 5) was also significantly (p<0.01) correlated to hypercapnic
responsiveness with hotit R, (r=0.73) and R, (r=0.87) loads. As expected, the peak
mouth pressures were significantly higner against the R, load. Analysis of the
breathing pattern yielded a significant (p<0.01) correlation between mean inspiratory
flow and hypercapnic i3sponsiveness with either R, (r=0.78) or R, (r=0.76)
inspiratcry resistance (Fig. 6), but no significant correlation (r-0.15 and r=0.17 for RI
and R, respectively) with duty cycle.
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Fig. 3a: Respiratory duty cycle during progressive intensity exercise to fatigue
as a function of oxygen uptake. LiWear regression analysis plotted for load R0
(solid line) and R, (dotted line).
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Fig. 3b: Respiratory mean inspiratory flow during progressive intensity
exercise to fatigue as a 'function of oxygen uptake. Third order regression
analysis plotted for load R, (solid line) and R, (dotted irne).
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Fig. 4: Peak exercise minute ventilation during progressive
intensity exercise to fatigue as a function of subjects' hypercapnic
responsiveness. Unear regression analysis plotted for load R,
(solid line) and R5 (dotted line).
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Fig. 5-- Peak exerc~se mouth pressure during progressiv irntensity
exercise to fatigue as a function of subjects' hypercapnic
responsivenoss. Unear regression analysis plotted for load Ro
(solid line) and R, (dotted line).
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responsiveness. Linear regression analysis plotted for load R, (solid
tine) and R, (dotted line).
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The data in figures 4-6 suggest that a major determinate of the magnitude of the
exercise v~qntilatory response is each individual's central chemoreceptor's and
respiratory control center's sensitivity to 002. This finding is consistent with a
previous report (29). Additionally, our data demonstrates that imposition of a mild
inspiratory resistance does alter this relationship. It is interesting that the breathing
cycle timing was not correlated to hyper'capnic responsiveness and only correlated to
oxygen uptake when inspiratory resistance was added. Proprioceptors in the
respiratory muscles have been shown to modulate force development via spinal and
supraspinal reflexes, but not respiratory cycle timing (39). Given the peak mouth
pressures generated against the Rs load (Fig. 5), the respiratory muscles were
generating over twice the force to produce the peak exercise minute ventilation with
the R5 compared to the Ro load. These forces were certainly being transduced by
respiratory muscle tendon organs. Thereforq, the lack of any alteration of duty cycle
with this level of added inspiratory resistance is consistent with the model of muscle
proprioceptors modulating force development alone (i.e. mean inspiratory flow) and
not breathing cycle timing.

VENTILATORY AND METABOLIC RESPONSES TO STEADY-STATE
SUBMAXlMAL EXERCISE

The group mean (k.S.D.) ventilatory responses to sustained (30 min), submaximal
(60% peak VO2), steady-state exercise with R0 and R5 are presented in figures 7-9.
With the Ro load, over the 30 minute exercise period minute ventilation gradually
increased (p<0.01), while tidal volume (Fig 8), and inspiratory and expiratory times
decreased (p:<0.01). The minute ventilation increase was due to an increased mean
inspiratory flow (p<0.01) since the duty cycle was unchanged (Fig. 9). Since the
end tidal PCO2 decreased (p•<0.01) during the exercise period, the increased mean
inspiratory flow and minute ventilation may have been stimulated by a decreased
arterial pH due to lactate flux from the exercising skeletal muscles.

Added inspiratory resistance (R5) did not significantly alter the exercise minute
ventilation but did alter the pattern of breathing throughout the 30 minute exercise
period. Breathing against the added inspiratory resistance increased (p<0.01) the
duty cycle (Fig. 9) by prolonging inspiratory duration (p<0.01). However, mean
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Fig. 7: Ventilatory parameters (mean +S.D.) during submaximal steady-state
exercise as function of exercise duration. Differences (p<0.05) from 5 min values
across time are indicated by ()and differences between R, and R, by (#).
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inspiratory flow was lower (p<0.05) due to the longer inspiratory duration but
unchanged inspired volume when breathing against the N5 load (Fig. 8). These
counteracting changes in duty cycle and mean inspiratory flow resulted in similar
(p>0.05) exercise minute ventilations for both inspiratory load (RN and R5) conditions.
The peak mouth pressure generated to overcome the inspiratory resistance was, as
expected, greatly elevated (p<0.01) by the R. load (Fig. 7). Over the duration of the
steady-state exercise with the R5 load, the changes in ventilatory responses (Fig. 7-
9) were similar to those observed with the R, load. Generally, minute ventilation
increased (p<0.05) via increased mean inspiratory flow (p<0.01) probably due to a
rise of lactate in the arterial blood.

These results suggest that imposition of this level of inspiratory resistance does
not alter the relationship between steady-state metabolic demand and the respiratory
pump. However, the respiratory controller responds to the added inspiratory load by
altering the pattern of breathing to minimize this perturbation to the work of
breathing, while maintaining a level of ventilation sufficient to meet the metabolic
demand. The imposition of the R. load increased the resistive work component of
breathing. Consequently, the pattern of breathing was modified to minimize the
increase, in the work of breathing by reducing the inspiratory flow rate but prolonging
inspiratory duration to maintain adequate alveolar ventilation.

To further analyze the ventilatory response to steady-stats exercise, the
ventilatory parameters measured at minutes 10, 15 and 20 were averaged together
and are presented in Figures 10-14. The minute ventilations achieved during the
middle third of the steady-state exercise with the R0 load were related (r=0.81,
p<0.01) to the subjects' hypercapnic responsiveness (Fig. 10). Nonetheless, no
significant correlations (p>0.05) were observed (fig. 11-12) between the subjects'
resting CO2 sensitivity and: peak mouth pressure (r=0.41), mean inspiratory flow
(r=0.46); or duty cycle (r=0.32). However, when breathing against the P5 load,
exercise ventilatory responses became more closely related to each subject's
hypercapnic responsiveness. Exercise minute ventilation was significantly (p<0.01)
correlated (r=0.89) to subjocts' CO2 sensitivity (fig. 10). Ukewise, the peak mouth
pressures generated against the added inspiratory resistance demonstrated a
significant (p<0.01) relationship (r=0.71). When the R5 load was present, mean
inspiratory flow became significantly correlated (r= 0.75, p<0.01) to hypercapnic
responsiveness, but the ventilatory duty cycle (r=0.28, p>O.05) did not.
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Since, mean inspiratory flow is an index of ventilatory drive (10), during submaximal
exercise with added inspiratcry resistance the primary factor setting the ventilatory
drive-metabolic demand relationship is the ventilatory controllers sensitivity to CO2.

A specific aim of the steady-state exercise protocol was to tast the hypothesis

that subjects with high perceptual sensitivity to added inspiratory resistance would
alter their pattern of breathing in order to minimize adverse respiratory sensations
(ie. dyspnea, difficulty breathing, etc.). As previously shown (Figures 7-9),
imposition of the R. load caused the subjects to modify the respiratory volume and
timing components used to achieve exercise hyperpnea. However, it appears that

each subject's perceptual sensitivity to added air flow resistance did not significantly
contribute to shape their pattern of breawhing in response to added inspiratory
resistance during exercise. As seen in figure 13, exercise ventilation with minimal
inspira-tory resistance (RJ) was not significantly, (p>0.05) related to subjects'
magnitude estimation of added air flow resistance (r=0.54). When breathing against

elevated inspiratory resistance (R.), weak but significant (p<0.05) correlations
appeared between magnitude estimation of air flow resistance and exercise: minute
ventilation (r.0.64); peak mouth pressure (r=0.59); and mean inspiratory flow
(r=0.68) (Figures 12-13). However, since magnitude estimation of added resistance
was also significantly correlated to hypercapnic responsiveness, it is likely that the
relationships observed between magnitude estimation and exercise ventilation were
secondary to the relationship with hypercapnic responsiveness. This conclusion is
further strengthened by the fact that when steady-state exercise minute ventilation or
the mean inspiratory flow are modeled as a function of the subjects' hypercapnic
responsiveness and magnitude estimation of added resistance in a stepwise,
multiple regression procedure, the correlations are not improved by the addition of
the magnitude estimation variable (p>0.05). Finally, the lack of a relationship may
be explained if the psychophysical tests used were not sufficiently discriminative or
sensitive enough to assess the subjects' perceptual sensitivity to respiratory
mechanical loads.

Immediately before and after the steady-state exercise, each subject answered an
environmental symptoms questionnaire. Generally, as expected, subjects reported
increased symptoms associated with fatigue following exercise. Follcwing steady-

state submaximal exercise with RA, no respiratory related symptom was scored
significantly (p<0.05) higher than the pre-exercise baseline.
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Fig. 13c: Respiratory duty cycle during middle third of the
submaximal steady-state exercise as a function of subjects' ME.
Linear regression analysis plotted for load Ro (solid line) and R.
(dotted line).
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Fig. 13d: Peak mouth pressure during middle third of the
submaximal steady-state exercise as a function of subjects' ME.
Linear regression analysis plotted for load R, (solid line) and R,
(dotted line).
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Howiever, following exercise with the R. inspirato.-y load condition, the symptom
"Hard to Breathe" was scored significantly (p<0.05) higher than its pre-exercise
baseline level and the companion score obtained following exercise with Ro. On the
other hand, the symptom' "Difficulty Breathing" was not significantly altered by
breathing against tho R, load. Of interesting note is the finding that the subjects
perception of "Hard to Breathe" during exercise with R5 was significantly (P<0.05)
correlated (r.0.66) with the subjects' perceptual sensitivity to added inspiratory
resistance (Fig. 14). This result suggests that perceptual sensitivity to inspiratory
resistance does Influence an Individual's perception of breathing during exercise and

possibly their behavioral control of ventilation and ultimately work performance.
Although our study did not find that the subjects' perception of effort to breath
during steady-state submaximal exercise significantly modified exercise tolerance,
possibly with longer duration and/or different types of exercise, perception of
breathing effort may modify exercise intensity or tolerance.
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Fig. 14: Subjects' perception of "Hard to Breathe" during submaximal steady-
state exercise with R5, plotted as a function of their ME. The subjects' score
was computed by subtracting their pre-exercise score from their post-exercise
score.
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WORK LOAD RESPONSES TO CONSTANT EFFORT EXERCISE

The specific aim of these experiments were to test the hypothesis that added
resistance to breathing decreases the power output performed by increasing the
perception of effort. By using the power output performed as a measure of the
subject's perception of effort, over the 30 minute exercise period bcth the magnitude
and temporal pattern of the subjects' perception of effort were quantified. Generally,
as exercise duration increased, power output decreased (p<0.05, Fig. 15). This
response was observed for both inspiratory load conditions (PN and Re). However,
no significant differences (p>0.05) were observed between the constant effort power

output curves when breathing against the two inspiratory resistances. That our
subjects decreased their power output with increasing exercise duration is consistent
with the study by. Pandolf and Cain (33). However, we had hypothesized that the
imposition of the R, load would increase the subjects' sense of effort resulting in a
tCreater reduction in power output over time compared to the Ro condition.
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Fig. 15: External power output during constant effort exercise plotted as
a function of exercise duration. Power output is normalized to the initial
power output.
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As previously stated and illustrated in figure 14, the addition of the R. load during

steady-state submaximal exercise increased the subjects perception of "hard to

breathe". The subjects' initial power output during constant effort exercise was

identical to the power output they maintained during the steady-state submaximnal

exercise protocol. Therefore, it is reasonable to assume that during the constant

effort exercise protocol the subjects had similar "hard to breathe" sensations. Yet

these sensations did not Influence their perception of the effort to maintain exercise.
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Fig. 16: Percent change of power output from beginning to end of constant
effort exercise as a function of subjects' hypercapnic responsiveness. Linear
regression analysis plotted for load R, (solid line) and R, (dotted line).

WVe hypothesized that subjects with high sensitivity to CO2 and or added

inspiratory resistance would produce greater decrements in their constant effort

power output curves. However, our results did not support this hypothesis. In
figures 17 and 18, the constant effort power output change between exercise

minutes 1 and 28 are plotted as a function of hypercapnic responsiveness and

perceptual sensitivity to added inspiratory resistance respectively. No significant
(p>0.05) correlations were observed between constant effort power output and either
hypercapnic responsiveness (r=0.32 and r=0.24 for Ro and R, respectively) or
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magnitude estimation of added resistance (r-0.39 and'r-0.02 for R. and R.
respectively). Therefore, over the duration of this exercise, ventilatory sensitivity to
hypercapnia or added resistance did not appear to influence the level of perceived
effort during exercise.
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Fig. 17: Percent change of power output from beginning to end of constant
effort exercise as a function of subjects' ME. Linear regression 'analysis plotted
for load Ro (solid line) and R, (dotted line).

CONCLUSIONS

This study examined the effect of added inspiratory resistance on breathing
patterns and work performance during: progressive intensity exercise; steady-state
exercise and constant effort work. Its aim was to determine the relationship
between respiratory sensations and hypercapnic responsiveness to exercise
breathing pattens and work performance. We found that mild inspirntory resistance
(5 cm H20L"sec") did not alter peak oxygan uptake, peak external work porformed,
or steady-state submaximal work duration. However, during pmgrmssive intensity
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exercise, changes in the pattern of breathing, particularly a reduction of mean
inspiratory flow (an index of respiratory drive) occurred with the imposition of the
inspiratory resistance, whereas, the breathing cycle timing components were
relatively unchanged. During submaximal steady-state exercise, added inspiratory
resistance decreased mean inspiratory flow bul prolongsd the duty cycle thus
maintaining minute ventilation. Despite its effects on breathing pattern and
respiratory work, imposition of added inspiratory resistance did not affect constant
effort functions to cycle ergometry, suggesting that perception of respiratory effort
did not significantly influence the oerceived effort of the exercise task.

Exercise minute ventilation was found to be strongly correlated to subjects'
ventilatory hypercapnic responsiveness. This is consistent with previous reports.
We demonstrated that of the components of minute ventilation, timing and
respiratory drive, the latter was correlated to hypercapnic responsiveness but the
former was not during both maximal intensity and submaximal exercise tasks. The
subjects' perception of added inspiratory resistance did affect their pattern of
breathing when added inspiratory loads were present. However, the ventilatory
responsiveness to hypercapnia was the stronger determinant of exercise ventilation,
and the associated pattern of breathing. Although not a strong determinant of their
exercise breathing pattern, each subject's magnitude estimate of added inspiratory
resistance did apparently influence their sense of how hard it was to breath during
submaximal exercise. It has been suggested (1) that perception of difficulty
breathing or dyspnea is more closely related to the sense of effort rather than the
actual muscle force produced. If this is true, then increasing one's respiratory
muscle strength may reduce the sense of effort to breathe while wearing a CB
mask. However, this relationship has not been studied.

RECOMMENDATIONS

The U.S. Army must be prepared to engage in military operations in a nuclear,
biological and chemical contaminated environment. During these operations soldiers
wearing MOPP gear will engage in a variety cf tasks that require physical exercise.
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It is well established that exercise performance is reduced while wearing the CB
mask. As a result, the U.S. Army is interested in methods to i prove exercise
performance when breathing is opposed. The finding that both ubmaximal and
maximal exercise minute ventilation is strongly correlated to sub ects' ventilatory
hypercapnic responsiveness, suggests it may be possible to scr en soldiers who
maybe more prone to work performance decrements when wearing a CB mask.
Moreover, the observation that one of the components of minute ventilation,
respiratory drive, was correlated both to oxygen uptake and hyp)rcapnic
responsiveness during submaximal and maximal exercise, sugg sts that respiratory

muscle strength training programs may help to alleviate the adv rse respiratory

sensations experienced by soldiers wearing CB masks by incre ing the subject's
maximal respiratory drive. However, whether increasing respiratory muscle strength
will alleviate a person's perception of "Hard To Breathe" is unknown. Further
research into screening programs and if respiratory muscle training improves the

pattern of exercise hypeipnea with concomitant amelioration of Ldverse respiratory

sensations will need to be done.
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