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Determinants of Pattern of Breathing During 
Respirator Use 

Philip Harber, MD, MPH, Steven Shimozaki, Thomas Barrett, and Gil Fine, MS 

The relationship behveen the pattern of breathing in response to respirator-type loads 
and an individual’s psychophysiologic sensitivity to loads (load scaling sensitivity, LSS) 
was investigated in the study of 11 normal volunteers. LSS was measured by having the 
subjects numerically rate a series of resistors; Stevens’s Psychophysical Law was used 
to evaluate sensitivity as the slope relating log (sensation) to log (stimulus). Peak pressure 
and actual added resistance were the stimuli. Inspiratory time, peak pressure, duty cycle, 
and tidal volume were inversely related to independently measured LSS during exercise 
and with a respirator-type dead space and inspiratory resistance load. Because the need 
for changes in respiratory timing is a major adaptation in respirator use, it suggests that 
workers who are very sensitive to loads may have limited ability to adapt to respirator 
use. 
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INTRODUCTION 

Respirators (respiratory personal protective devices) are used by many industrial 
workers. Although there is considerably greater information about the physiologic 
strains imposed by these devices [Raven et al, 1979; James, 1976; Harber, 1984; 
Louhevaara, 19841, full understanding of the factors determining whether an individ- 
ual will effectively use a respirator is inadequate. Identification of the factors contrib- 
uting to worker tolerance or intolerance of respirators should contribute to improved 
medical certification methods and perhaps to improved respirator design. 

A simple conceptual model can describe respirators in terms of the flow- 
resistive loading and the degree of rebreathing (dead space) [Harber, 19811. The 
ability to utilize a respirator safely, comfortably, and effectively may be affected by 
more than just the ability to overcome respirator resistance. Morgan [1983] has 
emphasized personal psychologic characteristics in a recent review, and several 
investigators have focused upon workers’ ability to perform several commonly used 
clinical pulmonary function tests [Raven et al, 19811. 
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In this study, we investigated the effects of respirator use upon the pattern of 
breathing and sought to determine whether the nature of breathing pattern adaptation 
is affected by an individual’s psychophysiologic sensitivity to resistances. This work 
sought to assess whether factors other than psychologic problems (e.g . , claustropho- 
bia, anxiety) or inability to generate pressures due to weak respiratory muscles affect 
ability to use a respirator. Knowing that respiratory pattern is affected by the respira- 
tor load and that there is a wide range of objectively measured psychophysical 
sensitivity to respiratory loads even among normal people, we sought to determine if 
there is a relationship between an individual’s load sensitivity and hidher respiratory 
pattern when breathing through a respirator load. Demonstration of such a relation- 
ship would support the importance of nonmuscular determinants of respirator 
tolerance. 

METHODS 

Eleven subjects known to be free of pulmonary or cardiac disease were studied. 
Their ages ranged from 20 to 42 years, and the average age was 28.5. Eight were 
male. Each individual underwent a limited physical examination and signed a UCLA 
Human Subjects Protection Committee approved Informed Consent Statement after 
full explanation of the study and the methods involved. A period of becoming 
accustomed to the apparatus then followed. 

Measurements made during the experimental periods are summarized in Table 
I. However, the order was randomized between subjects, some of whom received the 
“loaded” periods before the “unloaded” periods. Steady-state measurements were 
made during periods of 6 to 8 minutes’ duration. Respiratory measurements were 
made during the last 30 seconds of each period. This report is based upon these 
steady-state periods. In addition to the steady-state measurements, each subject partic- 
ipated in a rapidly incremental exercise protocol immediately following the steady- 
state periods; in such rapidly incremental protocols, the level of exercise was in- 
creased every minute until predicted maximal heart rate was achieved or until the 
subject felt very uncomfortable. There was a rest period between the loaded and 
unloaded sections of this study. 

Respiratory loads included inspiratory resistance, expiratory resistance, and 
dead space. The resistance element employed for both inspiration and expiration was 
a single acid-mist respirator cartridge (MSA, Pittsburgh, PA); its pressure-flow 
characteristics were linear in the range 0.3 to 2.0 liter/sec, and resistance was 
approximately 6 cm/liter/sec. The dead-space load was a 300-ml cylindrical tube 

TABLE I. Experimental Protocol-Steady-State Periods 

Period Exercise Resistancea Dead spaceb 

1 Rest None None 
2 Rest Inspiratory 300 mi 
3 Rest Expiratory 300 ml 
4 3.5 milhr Q 7.5% grade None None 
5 3.5 milhr Q 7.5% grade Inspiratory 300 ml 
6 3.5 milhr Q 7.5% grade Expiratory 300 mi 

aA resistance element was added to the inspiratory or expiratory limbs as shown. 
bDead space was added between the valve and mouthpiece. 
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(diameter = 1.5 cm) placed between the mouthpiece and the one-way breathing 
valve. 

Subjects were studied at rest or at exercise of 3.5 miles per hour with 7.5% 
grade on a treadmill (Quinton, Seattle, WA). All subjects were able to successfully 
complete the study. Figure 1 summarizes the experimental apparatus. Subjects 
breathed through a mouthpiece connected to a Koegel valve which directed inspiratory 
and expiratory air flow. A Fleisch #3 pneumotachograph was placed in the inspiratory 
limb to measure air flow using a pressure transducer (Validyne MP-45, Northridge, 
CA; Hewlett-Packard 8805 amplifier, Corvallis, OR). Mouth pressure was deter- 
mined from a tap in the mouthpiece with a transducer-amplifier (Validyne MP-40; 
Validyne demodulator; Hewlett-Packard 8802 amplifier). End tidal carbon dioxide 
concentration was monitored from another mouthpiece tap; and mixed expiratory gas 
was sampled after passing the expired gases through a large mixing chamber; oxygen, 
nitrogen, and carbon dioxide gas tensions were measured with a respiratory mass 
spectrometer (Perkin-Elmer 1100, Pomona, CA). Electrocardiogram was monitored 
and heart rate determined with a cardiotachometer (Quinton, Seattle, WA). 

Flow and pressure data were collected with an analog digital converter (Hewlett- 
Packard 47310A, Corvallis, OR) at a rate of 50 Hz. Data collection was accomplished 
by a microcomputer system (Hewlett-Packard 9816 and disk drive 82901, Corvallis, 
OR). End tidal carbon dioxide tension was determined from the highest C02 mea- 
surement during a 30-second sampling period. In addition, mixed expired gas tensions 
were analyzed at the end of each period. Heart rate represents the average over the 
30-second data-collection period. 

Data were analyzed using programs developed for these studies. The data were 
graphically viewed to assure general validity. Thereafter, calculations were performed 
to determine respiratory timing, pressures, flows, and volumes. The beginning and 
end of each breath was performed by computer’s algorithm. For each respiratory 
cycle, inspiratory time (Ti) and total time (TtoJ were determined, and expiratory time 
was calculated as their difference. The duty cycle (TiZTtot, m) was the ratio of 
inspiratory to total time for a breath. The mean inspiratory flow rate was calculated 
as the ratio of the tidal volume to the inspiratory time (Le., average inspiratory flow, 
V,:Ti). These were then averaged for the entire data-collection period with appropriate 
adjustment for incomplete breaths at the beginning and end of data collection. 
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Fig. 1. The experimental apparatus is shown schematically. Components which differ among the 
periods (dead space, DS; added resistance, RESIS) are shown with hatch marks. The inspiratory and 
expiratory limbs are shown by “inspir” and “expir,” respectively. MP = mouthpiece; EKG = 
electrocardiographic monitor. 
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Peak inspiratory mouth pressures (P--i) and average mouth pressures (Pavg-i) 
were also determined for each breath and averaged for a data collection. Correspond- 
ing expiratory pressures were also determined. The inspiratory pressure time integral 
(PxTi) was also determined. 

External inspiratory ventilatory work (to overcome the external resistance im- 
posed) was calculated as the time integral of pressure times flow for each inspiration 
(Wtot-i). The maximum instantaneous work rate (Wmax-i) was calculated as the product 
of maximal inspiratory flow rate (F--i) and maximal inspiratory mouth pressure. 
Tidal volume (VJ and inspiratory minute volume (Vi) were determined by integrating 
the flow signal. 

Oxygen consumption (V02) and C02 production (VC02) were expressed in 
standard temperature and pressure (STP) terms. End tidal carbon dioxide tension 
(PetCO2) was determined from the mass spectrometer. Heart rate (HR) is shown as 
beatstminute. 

Magnitude estimation of added inspiratory resistances [Stevens, 1975; Killian et 
al, 19811, herein called load scaling, was performed several times (see Table I): twice 
at rest with no load; once at exercise with no load; once at rest with inspiratory load; 
and once at exercise with inspiratory load. The technique was explained in detail to 
the subject before initiating the study; subjects were asked to choose a number (using 
any scale they chose) to describe the resistance that they felt. For each load-scaling 
set, a series of 12 inspiratory resistances were interposed in the breathing circuit in 
random order for two breaths each, separated by several unloaded breaths. Subjects 
were carefully instructed not to change the respiratory pattern during load-scaling 
studies. In each instance, the resistance was announced, and the subject was asked to 
write a number describing how much resistance he/she felt. No a priori scale was 
suggested to the subject. Resistances were constructed of fine wire mesh, cotton 
filters, and paper filters; these were encased in a series of four-inch plastic pipes. For 
load scaling, the inspiratory limb of the breathing circuit was connected to one limb 
of a large Y connector. The resistance elements could be placed in another limb, and 
the third limb had a DuBois shutter. This allowed resistance to be placed with 
impeding inspiratory air flow as long as the DuBois shutter was open; when activated 
by the researcher, the shutter closed, forcing inspiratory air flow to occur through the 
resistance element. The highest resistance element was presented in the beginning 
and in the middle of each set to provide perspective for the subject. The resistances 
ranged from 2 to 26 cm of water per literhec and were approximately linear in the 
flow ranges employed. The peak mouth pressure generated during breathing through 
each resistance was recorded from a paper recording. 

For each set, the load scaling sensitivity (LSS) was determined in two fashions, 
once using peak mouth pressure (LSS-P) and once with the actual resistance (LSS-R) 
as the stimulus variable for each breath. The numeric score assigned for each 
resistance was used as the response variable. A least squares linear regression analysis 
of the logarithm of the response upon the logarithm of the stimulus was performed; 
the slope of the regression line represents the sensitivity (US-P or LSS-R). In a few 
instances, one or two points were obvious outliers, often representing obvious inatten- 
tion of the subject to a particular resistance; the technician performing the calculations 
could eliminate up to two such points from each set if the points’ residual difference 
from the calculated regression line was at least three times the overall mean residual. 
In general, identification of such points was quite obvious graphically. In addition to 
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calculating the two slopes (log of response vs. log of pressure and log of response vs. 
log of actual added resistance), the correlation Coefficient for each of the lines was 
determined. A load scaling sensitivity value was discarded if the correlation coeffi- 
cient was less than 0.6. The values for the five repetitions for each subject were then 
averaged to arrive at a summary LSS-P and summary LSS-R for the subject. There 
was a close relationship between the summary LSS-R and summary LSS-P for each 
subject; the correlation coefficient was 0.84. 

Analysis of variance was used to determine if there was an effect of exercise, 
of respiratory load, and of an interaction between load and exercise [Dixon, 19831. 
Analyses with linear contrasts were performed to separate the effect of exercise and 
of load [Dixon, 19831. In addition, linear regression analyses were performed to 
determine the relationship between load scaling sensitivity and respiratory pattern 
parameters. All statistical calculations were performed using BMDP programs on a 
personal computer (LBM XT). 

RESULTS 

Table II summarizes the physiologic variables for each of the experimental 
periods. 

It may be seen that the addition of an inspiratory resistive and dead-space 
respiratory load produced increases in all of the measures of the external inspiratory 
work of ventilation. Work was determined in two fashions. First, measures related to 
mouth pressure are related to the force exerted by the respiratory muscles; and 
second, the work terms are related to the actual work accomplished (expressed as the 
pressure-volume product) in moving air across the external resistance. Total work 
performed (P x T, W,,J, average work rate (Pavg-i, W/t), and peak work rate (Pm-i, 
Wm-i) were all similarly affected. There were statistically significant interactions 
between the level of exercise and the measures of work, implying that the effect of 
the respirator load was proportionately greater at higher exercise levels. 

Respiratory timing was also affected by inspiratory loading in a manner com- 
parable to that shown in previous studies [Harber et al, 19821. Inspiratory time, the 
duty cycle (T,:T,d, and mean inspiratory flow rates all decreased. Possibly because 
of the small number of subjects, these effects did not reach statistical significance. 
Expiratory resistive loading led to a nonstatistically significant increase in expiratory 
time. In addition, expiratory loading led to an increase in tidal volume, but there was 
no clinically or statistically significant effect on end tidal CO2 tension, suggesting that 
hyperventilation did not occur. With expiratory resistive loading, the increase in tidal 
volume was approximately equal to the magnitude of the added dead space. With 
inspiratory loading, there was also an increase in the tidal volume, but statistical 
significance was not achieved in this study. 

The relationship between measures of psychophysiologic sensitivity to added 
resistance and the pattern of breathing is summarized in Table III. Group means and 
standard deviations for LSS are shown for the experimental periods in which such 
measurements were made. The overall mean LSS determined by added resistance 
was 0.340 (standard deviation = 0. lo), and the overall mean LSS based upon pressure 
was 1.207 (S.D. = 0.36). Table LU also shows the regression coefficients relating 
LSS and the physiologic variables; in addition, the p values for the coefficients king 
nomero are shown. Coefficients whose p values are >0.15 are not shown. The 
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pttern of breathing was measured independently of the measurement of LSS. The 
two measures of LSS-based on pressure and on actual resistance-were closely 
related in individuals (r = .86, p < ,Ol). Subjects who were sensitive to added 
resistances chose breathing patterns with relatively low maximal inspiratory pressure 
and relatively short inspiratory times. In addition, persons who were sensitive to 
resistance had lower tidal volumes. The relationships were closest during periods of 
inspiratory loading and during exercise. 

DISCUSSION 

The reasons why some individuals find it particularly difficult to use respiratory 
personal protective devices (respirators) are poorly understood [Harber, 1984; Lou- 
hevaara, 1986; NIOSH, 19761. Such workers’ inability to tolerate the device may 
preclude placement in an industrial setting with potential toxic exposure. Several 
studies of respirator effect have primarily focused on physiologic factors [Hodous et 
al, 19831, and poor tolerance has been considered possibly psychological [Morgan, 
19831. 

The pattern of breathing adaptation to inspiratory flow-resistive and dead-space 
loading in this study was similar to that observed in earlier studies [Raven et al, 1982; 
Lennan et al, 1983; Harber et al, 1982; James, 1976; Raven et al, 1979; Bentley et 
al, 19731. The inspiratory time was prolonged and the duty cycIe (proportion of the 
respiratory cycle in which the respiratory muscles were active) was increased. The 
peak and average inspiratory flow rate were, however, decreased. In this manner, the 
average and maximal work rates to overcome the external respiratory load were lower 
than if no adjustment of respiratory pattern had occurred, decreasing the energy cost 
of breathing [Mead, 19791. Axen et al [1984] have shown significant differences in 
patterns of load compensation among individuals, and Love et al [1977] found 
significantly different responses to C& loads. Interpersonal differences in respiratory 
pattern may partially explain differences in respirator tolerance; the expiratory load 
had less consistent effects on the respiratory pattern. The data concerning expiratory 
flow-resistive loading collected in this study are being combined with data from other 
studies and will be reported separately. 

This study demonstrates that there is a relationship between breathing pattern 
and an individual’s psychophysioIogic sensitivity to added resistive loads when stressed 
by an inspiratory load and exercise. The subjects who breathe with relatively lower 
peak pressures have shorter inspiratory times (Ti and duty cycle), and lower tidal 
volumes tend to have greater sensitivity to added loads when this was measured 
independently. This tendency of sensitive individuals to minimize the sensation of the 
external resistance is consistent with several previous physiologic studies which have 
shown that the pattern of breathing during load scaling testing is one determinant of 
the magnitude of the sensation [Stubbing et al, 1983; Killian et al, 1982; Burki, 19841. 
Respiratory timing is regulated independently of flow [Milic-Emili, 19821 and may 
be closely related to sensation. Our findings suggest that a psychologic personal 
characteristic, load sensitivity, is a nomechanical determinant of breathing pattern 
when the respiratory system is stressed. Load sensitivity effects may complement 
optimization of respiratory work [Otis et al, 19501 and of energy cost [Mead, 19601. 

The load-sensitive individual may tend to limit the length of time over which 
the inspiratory muscles are active, thus preventing the normal prolongation of inspi- 
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ration due to a respirator load. Thus, the previously unexplained observations that 
some workers with apparently normal pulmonary function are particularly intolerant 
of respirators might be explained if such individuals were particularly load sensitive. 
While this current study supports this hypothesis, direct confirmation would require 
study of a large population of respirator users to determine if there is indeed an 
empiric relationship between subjective complaints and objectively measured psycho- 
physiologic load sensitivity. 

Our study design differs significantly from previous experimental studies inves- 
tigating the relationship between sensitivity and breathing pattern in normal volun- 
teers, which sought to determine which characteristics of a breath affected the 
sensation associated with that specific breath. Our current study, however, investi- 
gated whether a person’s spontaneous breathing pattern reflected hidher load sensitiv- 
ity. The latter is a personal chracteristic which differs considerably even among 
“normal” persons [Killian et al, 19811 but which is stable over time in an individual. 
Oliven et al [1985] showed that chronic obstructive pulmonary disease (COPD) 
patients who were load sensitive tended to hypoventilate and have lower V,’s when 
forced to breathe through an external resistance. 

Load sensitivity was measured objectively. The LSS is measured based upon 
the slope of the stimulus-response relationship rather than upon the intercept or mean 
response, and hence, persons who simply have a tendency to complain about discom- 
fort would not be found to have high load scaling sensitivity. Thus, this study suggests 
that there truly is an objective, involuntary relationship between an individual’s 
“psychology” and hidher physiologic adaptation to respirator use. 

Load sensitivity was measured based upon two different, but closely related, 
stimuli-the actual added resistance and the peak mouth pressure. The two measures 
showed a very close correlation in this study. In earlier studies, Burki [1984] sug- 
gested that pressure, rather than resistance, was sensed, but in this study which 
focused upon the longer-term relationship, resistance sensation appears equally im- 
portant. Sensation of resistance per se has also been seen in a study of load detection 
[Killian et al, 19791. 

CONCLUSIONS 
In summary, this study has shown that a psychophyiologic characteristic of an 

individual affects breathing pattern in a manner which in some individuals may 
interfere with normal adaptation to respirator use. Although preliminary, these results 
suggest a possible basis for unexplained poor tolerance of respirators by some 
workers. Furthermore, these findings suggest that respiratory pattern, in addition to 
muscular ability to generate air flow, may be an important parameter to consider in 
medically evaluating workers for respirator use [Raven et al, 1979; Boehlecke, 1984; 
Harber, 1984; Louhevaara, 19841. Load scaling sensitivity per se is a technique that 
is unlikely to be useful except in research settings, but respiratory timing (shown by 
the regressions to be a predictor of load sensitivity) can be easily measured in field 
settings. An individual’s load sensitivity should be added to the list of “respirator 
user’s strains” proposed by Louhevaara [ 19861. 
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