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Workplace Measurement of Respirator Effects
Using Respiratory Inductive Plethysmography*

THOMAS K. HODOUS?, JOHN L. HANKINSON, and GREGORY P. STARK
ALOSH, 944 Chestnut Ridge Road, Morgantown, WV 26505

A useful system to study the cardiopulmonary effects of respirators in the workplace would be reliable, portable, and lightweight and would
not encumber the nose or mouth or require modification to the respirator. Twenty men using such a system (which measured ventilatory
parameters by respiratory inductive plethysmography [RIP]) were studied. The subjects all performed their usual jobs which involved some
work with and some without a respirator. Twelve subjects used airline respirators and eight used air-purifying respirators. The RIP
equipment measurements included respiratory frequency, tidal volume (V7), minute ventilation (V), and heart rate (HR). The RIP data from
20 other subjects was lost because of equipment malfunction, primarily lead separation in those whose jobs involved climbing around large
workpieces. In general, the workers’ cardiopulmonary parameters increased during respirator wear, probably because of a combination of
factors, including the increased exercise of most respirator-requiring tasks and the weight and heat stress associated with the respirator and
protective clothing. When the ventilatory parameters with and without a respirator were compared at the same heart rates, no significant
differences were noted in Vr for the entire group. Respiratory frequency, however, and V increased with respirator wear. The effects of
respirators alone were found to be commonly confounded in the workplace by changes in protective clothing, exercise requirements, and
ambient heat stress. Further improvements in the portable RIP system are needed before it can be accepted as a reliable ventilatory measure-

ment device in the workplace.

Introduction

An extensive literature exists regarding the physiological
and psychological effects of respiratory protective masks
(respirators)." ¥ Studies have been primarily laboratory-
based, although a number of field studies exist.”” Although
the experimental conditions often cannot be controlled in
workplace studies, these studies should provide the most
realistic data on actual respirator effects. These studies,
however, have been limited by the lack of a portable ventila-
tory measurement system that does not encumber the nose
or mouth or require modification of the respirator. Reported
here is the authors’ experience with such a system which
measures ventilatory parameters by respiratory inductive
plethysmography (RIP).

Experimental Materials and Methods

Forty male volunteers were recruited from a steel mill, two
equipment repair plants, and one university maintenance
department. Of these, 20 were excluded because of incom-
plete data (see below), leaving 20 subjects in the study. The
three steel mill employees worked at a blast furnace and
wore long shirts, pants, and work boots. When working with
the molten ore, they also wore a dual cartridge, half-face
respirator (Scott Comfo 11, Scott Aviation, Lancaster, N.Y.)
and an aluminum-coated hooded garment. The respirator
work periods lasted approximately 30 min. Work both with
and without a respirator was performed standing. The em-
ployees from the two equipment repair plants were eight

*Mention of brand names does not constitute endorsement by DHHS,
CDC, or NIOSH.

"Author to whom correspondence should be addressed.

sandblasters, six spray painters, and two other workers.
When sandblasting, employees wore coveralls with an airline
respirator hood (Bullard 77-0, E.D. Bullard Co., Sausalito,
Calif.) with cooled inspired air ina large enclosed bay. Large
workpieces required that employees do climbing and bending.
W ork without a respirator consisted of coiling lines and clean-
up activities. Four spray painters used airline respirators (3M
Airline, St. Paul, Minn.) and two wore dual cartridge, full-
face respirators (Scott). Activities were similar to those of the
sandblasters. In both groups, respirator work periods lasted
from 5 to 40 min. The two other industrial plant subjects
wore half-face, dual cartridge respirators (SURVIVEAIR,
Division of U.S.D. Corp., Santa Ana, Calif.) in sanding or
cleaning activities, almost all done in the standing position.
The university employee used a dual cartridge respirator in
outside sidewalk work.

In the data analysis, the subjects were grouped into the
following five categories: (1) blast furnace workers (n = 3);
(2) other workers using air-purifying respirators (n = 5); (3)
air purifying—total (n = 8, Groups | and 2 combined); (4)
airline respirator workers (n = 12); (5) all respirator wearers
(n=20), total group. Anthropometric data on the subjects by
group are presented in Table 1.

The studies were performed during summer months, and
the blast furnace and equipment repair plants (hangars) were
largely open to the outside environment. Dry bulb tempera-
tures in the working areas generally ranged from 25° to
30°C, and wet bulb temperatures ranged from 15° to 19°C.

Each subject read and signed an informed consent form
approved by the National Institute for Occupational Safety
and Health (NIOSH) Human Subjects Review Board. Spi-
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TABLE |
Anthropometric Data*

Age Height Weight FEV o/ FVC
Respirator Worn No. (yr) (cm) (kg) FVC'" % Predicted
Air-purifying (AP) 3 36.7 1753 82.1 80.5 99.3
with suit (7.6) (10.7) (8.6) (6.1) (10.1)
AP: other 5 36.0 178.6 98.2 80.1 106.7
(5.3) (4.3) (20.4) (5.0) (16.0)
AP: total 8 36.3 177.4 92.2 80.3 103.9
(5.8) (6.8) (18.1) (5.0) (13.8)
Airline 12 36.4 171.5 77.4 78.0 107.5
(7.3) (6.4) (11.0) (5.4) (18.0)
All respirators 20 36.4 173.9 83.3 78.9 106.1
(6.6) (7.0) (15.7) (5.2) (16.1)

AMeans (t SD)

8)
©)

rometry following American Thoracic Society guidelines
and a modified British Research Council questionnaire
then was administered. The RIP equipment then was put on
the subjects and calibrated. Briefly, the equipment consisted
of a wired elastic band around the chest and another around
the abdomen to measure changes in their circumference by
means of changes in the bands’ inductances. These changes
in the rib cage and abdomen during respiration reflect the
subject’s tidal volume,"” once they are calibrated with a
spirometer. Because most of the anticipated work was done
in the standing position, this position was used during the
calibration."” Calibration, as previously described,"® con-
sisted of measuring inspired volume with the spirometer
during multiple breaths and simultaneously recording both
the rib cage and chest RIP signals. A least squares analysis”®
yielded appropriate average gain factors for the RIP signals.
The two average gain factors then could be used to calculate
the tidal volume during calibration and this volume compared
to that measured by spirometry. The percent error was cal-
culated as follows:

Vrrip - Vrsp
———x 100
Vrsp

where Vrgp = tidal volume as measured by the spirometer
and

Vrrip = tidal volume as calculated from the RIP.

Since the initial spirometrically measured volumes were
used to derive these average gain factors, one would expect a
relatively low error. To determine if band slippage occurred
during work, the calibration procedure was repeated after
work. The initial gain factors were used to calculate the
Vrrip at the postwork calibration. These values were com-
pared with the spirometrically measured tidal volumes
obtained at the postwork calibration, and a second percent
error was generated. If the RIP bands had moved during
work, a larger postwork error, as compared with the pre-
work error, would be expected.

A heart rate monitor also was used (ExerSentry,
Respironics Co., Monroeville, Pa.), and RIP and heart rate

Am. Ind Hyg. Assoc. J. (50) July, 1989

data were recorded on a small tape cassette worn in a pouch
around the waist. The total weight of all the equipment was
1.6 kg.

After the equipment was calibrated, the employee returned
to his work station and carried out his usual activities for at
least 30 min, about half of which involved respirator use. An
observer with a stop watch recorded all activities, noting
carefully when the respirator was and was not worn. Inevery
case, subjects were monitored both before and after at least
one respirator-wearing work session.

After the physiological monitoring, subjects were asked
several questions regarding respirator wear. They first were
requested to grade the degree of comfort of the respirator
during the work shift as (1) fairly comfortable, (2) somewhat
uncomfortable, (3) moderately uncomfortable, or (4) very un-
comfortable. The answers were given a number for analysis
purposes. Another question was, “Which of the following
aspects of wearing a respirator bothers you the most?” Sub-
jects were asked to indicate a first and second choice from
the following list: face or head irritation; trouble breathing;
excessive heat; added weight; other. (The response “other”
was followed by a blank for the subject to fill in his
response.) Finally, subjects were asked to complete a brief,
commercially available anxiety trait questionnaire.(“’

Extensive software programs fora VAX 11/780 computer
(Digital Equipment Corp., Maynard, Mass.) were written to
digitize all data at 20-Hz intervals; to assist in visual review,
editing, and labeling of RIP segments with excessive artifact;
to compute breath-by-breath analysis; and to create a sum-
mary file for each different test segment. Before digitization,
the RIP signals were filtered with a low-pass filter to remove
unwanted high frequency noise.

The effects of respirator wear on cardiopulmonary param-
eters were evaluated using paired, two-tailed t-tests at a
significance level of 0.05. Respirator effects when control-
ling for work rate as represented by heart rate were evaluated
by using least squares regression lines for each parameter
with heart rate and calculating the parameter value at an
arbitrary heart rate of 100.

N3
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The reasons for excluding 20 subjects are givenin Table 11. A
number of these problems, such as broken contact, should
be easily rectified. Changes in the equipment and electrical
contacts were made, however, to increase durability between
a prior laboratory study"? and the present one. It is believed
that climbing, crawling, and similar activities of the subjects
in this study were important causes of the excessive artifacts.
Examples of usable data and unusable data caused by exces-
sive artifact are shown in Figure 1. It should be recognized
that excessive artifact was based on the reviewer’s judgment
that valid end-inspiratory and end-expiratory points could
not be determined. The same reviewer was used for all 40
subjects entering the study.

Calibration data for the 20 subjects with acceptable data
are shown in Table 111, in which the mean tidal volumes as
measured by the spirometer and RIP are listed both before
and after the work session. For the group as a whole, the RIP
system produced tidal volumes within 2% of those measured
by spirometry. The percent error (absolute values) was
greater than 10% in one subject in the prework calibration
and in three subjects in the postwork calibration. The change
over the work period in calibration factors is best illustrated
in the last column of Table 111, in which 5 subjects’ absolute
percent error changes were greater than 10%. In the prework
calibration, for example, Subject 9’'s RIP-measured tidal
volume was 6.49% higher than the simultaneously measured
(“true”) spirometer Vr. After working, however, his R1P-
measured Vr was 4.4% lower than the spirometer Vr. It was
not possible in the present protocol to determine when these
changes occurred, and all subsequent data is based on the
initial calibration factors.

The comparison of mean cardiopulmonary parameters
with and without respirator use is shown in Table 1V. In
general, all groups showed similar changes while wearing
respirators, although some changes were not statistically
significant. The respirator-work condition was associated
with an increase in heart rate, respiratory rate, Vr, and
time of the inspiratory time fraction of each respiration
(T1/ Tror). The rib cage fraction of Vr(VOL RC/ V1) did not
change significantly in any group with respirator use.

TABLE I}
Reasons for Excluding Data
Number of
Reason Subjects
Excessive artifact in RIP signals 1"
(one or both)
Inadequate calibration 3
RIP signal over-ranging 2
RIP or heart rate lead separation 2
(lost data)
Other (one technician error, one 2
cassette damaged) -
Total 20

374

W hen controiling for work rate as represented by heart rate,
the group as a whole still had significant increases in respira-
tory frequency (f), V, and T;/ TOT when wearing a respira-
tor (Table V). Several other differences noted in Table IV
became nonsignificant, however, when parameters were
compared at the same heart rate. It should be noted that it
was the opinion among the five observers that the subjects’
work while wearing a respirator was, in general, more stren-
uous than that while not wearing one.

Only 2 of the 20 subjects reported chronic cough and
phlegm (both were cigarette smokers). Both the air-purifying
and the airline respirator wearers graded the degree of respi-
rator comfort as 1.9 (mean value), that is, close to a “some-
what uncomfortable™ rating. The first and second most
bothersome aspects of respirator wear were excessive heat
(14 responses) and added weight (12 responses), as shown in
Table VI. Trouble breathing was noted only among those
using air-purifying respirators. On the other hand, com-
plaints of added weight were more common among the
airline respirator users.

The group mean on the anxiety trait questionnaire was
35.2, within the reported range of 34-36 for a standard
population.‘“’ The test has a minimum possible score of 20
and a maximum of 80. No correlation was found between
the reported degree of respirator comfort and the anxiety
trait scores. Those with respirator comfort scores of 1, 2, 3,
and 4 had a mean anxiety score of 34.3 (n=9),35.3(n=6),
39.7 (n=3), and 31.5 (n = 2), respectively.

Discussion

The study of respirator effects in the workplace presents
several problems. One is the technical difficulty in measuring
pulmonary parameters without altering the function or
effects of the respirator itself. A second difficulty arises when
one attempts to measure physiological parameters while not
disrupting the employee’s normal work activity. A third
problem is the inability to control for confounding factors
which also may affect the physiological parameters of inter-
est. The respiratory inductive plethysmography (RI1P) equip-
ment used in this study can overcome the first two problems.
It is portable, relatively light, and does not encumber the
mouth or nose. At present, however, in this study this
equipment itself has a number of problems. A large loss of
data (20 subjects) was caused by equipment failure. Accu-
racy is much less than that which can be obtained in a
laboratory setting, and the problem of band slippage in
bending, sweating subjects remains.

As Table 11 illustrates, the overall RIP accuracy in the
subjects with usable data was good. Of the 20 subjects,
however, 5 had a calibration change of 10%, or greater, which
theoretically could obscure any true differences in Vrand \%
caused by the respirator-work condition. A change in cali-
bration also might produce differences between respirator
and nonrespirator work data that did not, in fact, exist. In
this study, however, the monitoring of subjects both before
and after their respirator work should have reduced this
possible error. Tighter taping and strapping might reduce

Am. Ind. Hyg. Assoc. J. (50) July, 1989
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ABDOMEN

RIB CAGE

ABDOMEN

RIB CAGE

Figure 1—Example of (mostly) usable RIP data. Bottom: Example of unusable RiP data because
of excessive artifact. Both sets were collected during exercise. Horizontal axis represents a
time interval of 38 sec. Vertical axis represents volume signal.

Am. Ing. Hyg. Assoc. J. (50) July, 1989
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TABLE Il
Comparison of Pre- and Postwork Calibration®

Prework Calibration

Postwork Calibration

Percent
Visp®  Vrme® Percent Vrse  Vrmp  Percent Error
Subject (mL) (mL) Error (mL) (mL) Error Change”

1 358 360 0.6 393 538 36.9 36.3

2 407 409 0.5 399 420 53 4.8

3 716 708 - 11 718 740 3.1 4.2

4 532 525 -13 692 697 0.7 2.0

5 1272 1272 0.0 1361 1379 1.3 1.3

6 475 452 - 48 624 619 - 08 4.0

7 1556 1572 1.0 1398 1383 - 11 - 2.1

8 862 833 - 34 919 898 - 23 1.1

9 544 579 6.4 712 681 - 44 -10.8
10 528 470 -11.0 483 503 4.1 16.1
11 1089 1142 49 1195 1410 18.0 131
12 813 786 - 33 902 887 -17 1.7
13 533 516 - 3.2 371 372 0.3 3.5
14 1163 1263 8.6 1397 1172 -16.1 -24.7
15 955 952 -03 932 986 5.8 6.1
16 545 543 - 04 554 550 - 07 - 04
17 810 795 - 19 781 718 - 8.1 - 6.2
18 1055 1153 9.3 1296 1380 6.5 - 28
19 719 719 0.0 811 884 9.0 9.0
20 751 731 - 27 834 788 - 55 - 29
Mean 784 789 0.6 839 850 1.4 0.8
SD 310 329 4.6 330 328 10.4 11.3

ASee text for explanation
Bvrgp = tidal volume measured by spirometry.
CVrpip = tidal volume measured by respiratory inductive plethysmography.
Ppostwork percent error minus prework percent error.

TABLE IV
Comparison of Mean (+ SD) Cardiopulmonary Parameters with and without Respirator Wear

Resp. Resp. HR f Vr v
Group Cond. (Bpm) {/min) (mL) (L/min) Ti/Tror VOL RC/Vr

Air-purifying off 114.2 (13.5) 28.0(1.7)  *480(115) 14.24 (3.52)  “0.33 (0.02) 0.33 (0.07)
with suit on 125.3 (20.3) 32.2 (3.0 595 (151) 19.26 (6.25) 0.36 (0.02) 0.37 (0.05)
(n=3)

Air-purifying off A 955 ( 8.8) 23.0(2.1) *580 (157) “12.64 (2.64) %0.32 (0.02) 0.37 (0.17)
other on 105.2 ( 6.3) 26.7 (7.1) 927 (345) 22.90 (8.14) 0.39 (0.05) 0.40 (0.15)
(n=5)

Air-purifying off 4102.5 (13.8) 249(3.2) "544 (143) "12.87(2.76)  ®0.33 (0.02) 0.36 (0.14)
total on 112.8 (13.8) 28.8 (6.3) 803 (322) 21.53 (7.25) 0.38 (0.04) 0.39 (0.12)
(n=28)

Airline off ¥102.7 (16.6) ¥26.2 (3.2) 585 (171)  *14.48 (3.99)  P0.33 (0.02) 0.51 (0.23)
(n=12) on 114.3 (16.6) 29.9 (5.2) 636 (223) 17.76 (5.60) 0.36 (0.02) 0.49 (0.22)

All resp. off b102.6 (15.1)  "25.7(3.2) P568 (158)  P13.83(3.56)  P0.33 (0.02) 0.45 (0.21)
(n =20) on 113.7 (15.9) 29.4 (5.5) 703 (272) 19.27 (6.41) 0.37 (0.03) 0.45 (0.19)

Ap < 0.05

¥p < 0.01

Am. Ind. Hyg. Assoc. J. (50)
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TABLEV
Comparison of Mean (: SD) Ventilatory Parameters Calculated at a Heart Rate
of 100 with and without Respirator Wear

Resp. Resp. t Vr v
Group Cond. (/min) (mL) (L/min) T/ Tror VOL RC/Vr

Air-purifying off 25.4 (1.1) 435 ( 79) 10.38 (0.94) 0.30 (0.01) 0.33 (0.07)
with suit on 25.9 (4.7) 408 (112) 9.66 (5.13) 0.31 (0.04) 0.39 (0.08)
(n=3)

Air-puritying off 237 (1.9)  “644 (250) 14.46 (5.17)  “0.34 (0.02) 0.38 (0.16)
other on 26.6 (7.0) 925 (346) 22.87 (8.50) 0.39 (0.05) 0.40 (0.15)
(n=5)

Air-purifying off 24.3 (1.8) 566 (222) 12.93 (4.47) 0.33 (0.03) 0.36 (0.13)
total on 26.3 (5.9) 731 (379) 17.92 (9.78) 0.36 (0.06) 0.40 (0.12)
(n=8)

Airline off B26.2 (3.4) 596 (186) 14.88 (5.27) 0.34 (0.03) 0.49 (0.22)
(n=12) on 29.9 (5.4) 594 (222) 16.98 (7.08) 0.35(0.03)  0.47 (0.22)

All resp. off 825.4 (2.9) 584 (196)  “14.10(4.94)  %0.34 (0.03) 0.44 (0.19)
(n = 20) on 28.5 (5.7) 649 (294) 17.35 (8.03) 0.36 (0.04) 0.44 (0.18)

Ap < 0.05

Bp < 0.01

this problem, but chest strapping is known to alter pulmo-
nary mechanics," thus modifying the pulmonary parame-
ters of interest. A fuller discussion of calibration techniques
and RIP accuracy has been published previously."®

The third problem of confounding factors is not easy to
resolve. It is believed that the changes observed with respira-
tor use (Table 1V) are partly caused by the different work
conditions during their use as opposed to the respirator
effects alone. This is based partly on the observation of the
workers and on studies which show that most lightweight
respirators have minimal heart rate effect."®'® Except for
the “other air-purifying” respirator group, all respirator use
also was associated with extra protective clothing that would
add weight and contribute to heat stress. These factors
would account for some increase in heart rate even if work
load was otherwise unchanged.

When heart rate was controlled, fewer differences were
noted between respirator wear and no respirator wear
(Tables 1V and V). An independent stress from respirator
wear, however, was observed at least in the total group. One
should note that body temperature, a potential confounder
in the relationship between ventilatory parameters and heart
rate, was not measured in this study. Because of thisand the
large variability noted, one must interpret these data with
caution, It also should be noted that all workers in this study
essentially did “batch work” and did not have to wear their
respirators for more than approximately 40 min at a time.
Greater physiological and psychological stress would be
expected in workers whose jobs require continuous respira-
tor use for hours at a time.

Because the RIP system records data on a breath-by-
breath basis, analysis of the various timed components of
breathing is possible."” As expected, the addition of an air-
purifying respirator increased Ti/ Tror as Vr increased
(Table V). Since the reduction in expiratory time during

Am. Ind. Hyg. Assoc. J. (50) July, 1989

exercise is limited by several factors, including the lungs’
elastic and resistive properties, a marked increase in inspira-
tory time (from added inspiratory resistance) could unduly
stress some subjects.?”

The RIP system also yields separate data for rib cage (RC)
and abdominal (AB) volumes. The RC component primarily
reflects thorax volume change while the AB reflects dia-
phragm contraction.®” Study of these factors has substantially
increased understanding of respiratory mechanisms in health
and disease.** Research into different patterns of breath-
ing also may yield useful information regarding fitness to
wear respirators. No significant changes were found in the
present study, which tested only low inspiratory resistances.

The anxiety trait questionnaire was used because of earlier
research suggesting that high scores correlated with diffi-
culty in adapting to respirator use.?® The negative findings
perhaps are not surprising in this group, most of whom had

TABLE VI
Reported First and Second Most Bothersome
Aspects of Respirator Wear

Alr-
Purifying Airline
(n=8) (n=12)
Complaint 1st 2d 1st 2d  Total

Face or head irritation 1 3 1 1 6
Trouble breathing 4 0 0 0 4
Excessive heat 3 3 [ 2 14
Added weight 0 2 2 8 12

Other® 0 0 3 1
Total 8 8 12 12 40

AOne “dry mouth,” one “visualimpairment,” and one sub-
ject with no first or second complaints at all.

n
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normal spirometry (Table I) and years of respirator expe-
ricnce. The other subjective data were not obtained with a
validated questionnaire, but they do suggest some discomfort
with respirator wear. The common complaints of excessive
heat and added respirator weight (Table VI) are not un-
expected given the respirators worn and the warm working
conditions.

The results of this study suggest that during respirator-
requiring work, changes in work level, protective clothing,
and ambient heat stress are important stress factors in addi-
tion to the respirator’s effects, per se. This emphasizes the
need to consider all aspects of the respirator-work situation
in assessing the physiological and subjective stress to
employees. The data also suggest that further improvements
in the portable monitoring of cardiopulmonary parameters
are needed to accurately evaluate respirator-work effects in
the workplace.

Acknowledgment

The authors gratefully thank Jeff Rushford for his technical
assistance and Helen Michael for manuscript preparation.

References

1. Raven, P.B., A.T. Dodson, and T.O. Davis: The Physiologi-
cal Consequences of Wearing Industrial Respirators: A
Review. Am. Ind. Hyg. Assoc. J. 40:517-534 (1979).

2. Morgan, W.P.: Psychological Problems Associated with the
Wearing of Industrial Respirators: A Review. Am. Ind. Hyg.
Assoc. J. 44:671-677 (1983).

3. National Institute for Occupational Safety and Health:
Breathing Resistance and Dead Space in Respiratory Pro-
tective Devices by R.H. James. Cincinnati, Ohio: National
Institute for Occupational Safety and Health, 1979.

4. Barnard, R.J. and H.W. Duncan: Heart Rate and EGG
Responses of Fire Fighters. J. Occup. Med. 17:247-250
(1950).

5. Manning, J.E. and T.R. Griggs: Heart Rates in Fire Fighters
Using Light and Heavy Breathing Equipment: Similar Near-
Maximal Exertion in Response to Multiple Work Load Condi-
tions. J. Occup. Med. 25:215-218 (1983).

6. Smolander,J., V. Louhevaara, and O. Korhonen: Physiolog-

ical Strain in Work with Gas Protective Clothing at Low

Ambient Temperatures. Am. Ind. Hyg. Assoc. J. 46:720-723

(1985).

Louhevaara, V., T. Tuomi, J. Smolander, O. Korhonen, A.

Tossavainen, and J. Jaakkola: Cardiorespiratory Strain in

Jobs that Require Respiratory Protection. Int. Arch. Occup.

Environ. Health. 55:195-206 (1985).

8. American Thoracic Society: ATS Statement—Snowbird
Workshop on Standardization of Spirometry. Am. Rev.
Respir. Dis. 119:831-838 (1979).

9. Medical Research Council’'s Committee on the Etiology of
Chronic Bronchitis: Standardized Questionnaire on Respi-

~

378

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

ratory Symptoms. Br. Med. J. 2:1665 (1960).

Konno, K. and J. Mead: Measurement of the Separate
Volume Changes of Rib Cage and Abdomen during Breath-
ing. J. Appl. Physiol. 22:407-422 (1967).

Zimmerman, P.V., S.J. Connellan, H.C. Middieton, M.V.
Tabona, M.D. Goldman, and N. Pride: Postural Changes in
Rib Cage and Abdominal Volume-Motion Coefficients and
Their Effect on the Calibration of a Respiratory Inductance
Plethysmograph. Am. Rev. Respir. Dis. 127:209-214 (1983).

Stark, G.P., T.K. Hodous, and J.L. Hankinson: Ambulatory
Respiratory Inductive Plethysmography in the Study of the
Ventilatory Effects of Respiratory Wear. Am. Ind. Hyg.
Assoc. J. 49:401-408 (1988).

Chadha, T.S., H. Watson, S. Birch, G.A. Jenouri, A.W.
Schneider, M.A. Cohn, and M.A. Sackner: Validation of
Respiratory Inductive Plethysmography Using Different
Calibration Procedures. Am. Rev. Respir. Dis. 125:644-649
(1982).

Spielberger, C.D., R.L. Gorsuch, and R.E. Lushene: STA/
Manual for the State-Trait Anxiety Inventory. Palo Alto,
Calif.: Consulting Psychologists Press, 1970.

Vanmeenen, M.T., J. Ghesquiere, and M. Demedts: Effects
of Thoracic or Abdominal Strapping on Exercise Perfor-
mance. Bull. Eur. Physiopathol. Respir. 20:127-132 (1984).
Hodous, T.K., L. Petsonk, C. Boyles, J. Hankinson, and H.
Amandus: Effects of Added Resistance to Breathing during
Exercise in Obstructive Lung Disease. Am. Rev. Respir. Dis.
128:943-948 (1983).

Harber, P., R.J. Tamimie, A. Bhattacharya, and M. Barber:
Physiologic Effects of Respirator Dead Space and Resis-
tance Loading. J. Occup. Med. 24:681-684 (1982).

Raven, P.B., D. Bradley, D. Rohm-Young, F.L. McClure, and
B. Shaggs: Physiological Responses to “Pressure-Demand”
Respirator Wear. Am. Ind. Hyg. Assoc. J. 43.773-781 (1982).
Milic-Emili, J. and M.M. Grunstein: Drive and Timing Com-
ponents of Ventilation. Chest 70:131-133 (1976).

Jardin, J.G. Farkas, C. Prefaut, D. Thomas, P.T. Mackiem,
and C. Roussos: The Failing Inspiratory Muscles under
Normoxic and Hypoxic Conditions. Am. Rev. Respir. Dis.
124:274-279 (1981).

Gilbert, R., J.H. Auchincloss, Jr., and D. Peppi: Relationship
of Rib Cage and Abdomen Motion to Diaphragm Function
during Quiet Breathing. Chest 80:607-611 (1981).

Grimby, G., J. Bunn, and J. Mead: Relative Contribution of
Rib Cage and Abdomen to Ventilation during Exercise. J.
Appl. Physiol. 24:159-166 (1968).

Pengelly, L.D., A.M. Tarshis, and A.S. Rebuck: Contribution
of Rib Cage and Abdomen-Diaphragmto Tidal Volume during
CO: Rebreathing. J. Appl. Physiol. 46:709-715 (1979).
Delgado, H.R., S.R. Braun, J.B. Skatrud, W.G. Reddan, and
D.F. Pegelow: Chest Wall and Abdominal Motion during
Exercise in Patients with Chronic Obstructive Pulmonary
Disease. Am. Rev. Respir. Dis. 126:200-205 (1982).
Brennan, N.J., A.J.R. Morris, and M. Green: Thoracoab-
dominal Mechanics during Tidal Breathing in Normal Sub-
jects and in Emphysema and Fibrosing Alveolitis. Thorax
38:62-66 (1983).

Morgan, W.P_: Psychological Problems Associated with the
Wear of Industrial Respirators. J. Int. Soc. Respir. Protect.
1:67-108 (1983).

2 May 1988; Revised 29 December 1988

Am. Ind. Hyg. Assoc. J. (50) July, 1989



