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SIGNIPICAHT PIHDINGS

Respirators play a major role in protecting American workers
from inhaled toxins. Proper understanding of their effects upon
the user improves their design and the medical criteria for
determining proper utilization. This project can improve the
health of workers with potential exposure to a wide variety of
toxins by development of respiratory protection systems which are
effective and, equally importantly, will actually be used.

Unlike other workplace exposure controls, respiratory personal
protection depends upon the volitional action of the worker in
employing the device properly. This study has focused not only on
the adverse physiologic effects of the devices but also upon
identification of those factors which affect the workers' ability
to tolerate the device, thereby directly affecting the likelihood
of proper utilization. In this fashion, they have increased the
probability that the devices will be employed and thereby protect
workers.

I. Assessment of ventilatory Limitation Effect is Inadequate

The study has clearely demonstrated that respirators have
effects other than simply producing limitation of ventilation due
to resistance to airflow. These effects include: sUbjective
discomfort, mask effects, change in load sensitivity, change in
respiratory control pattern, and a switch from nasal to oral
airflow. Failure to consider these effects will lead to inadequate
characterization of devices and workers. This was demonstrated
empirically for certain devices (eg., PAPR's). This suggests that
governmental regulations concerning certification of equipment
(which are now largely based on resistance) should consider the
other factors as well in order to assure safe and effective
respirators.

2. Psychophysical Sensitivity Affects Tolerance

Individuals, even those who are physiologically normal, differ
in their sensitivity to inspiratory resistance (load scaling
sensitivity, LSS) • This factor partially determines an
individual's response to respirator use, both subjectively and in
terms of respiratory pattern. This explains while routine
pulmonary function tests, such as spirometry, are unlikely to
successfully select those workers who will have poor tolerance.
Therefore, pOlicies (both clinical and regulatory) concerning
evaluation for fitness in respirator use situations should not rely
only upon such routine tests. So doing would potentially expose
sensitive intolerant workers to respirator use.

J. Relatively Simple Methods May be Feasible for Worker Evaluation
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The patterns of response of healthy volunteers, individuals
with mild respiratory impairment, and actual respirator users are
qualitatively similar. Therefore, standard methods can be
developed for all users. Studies showed that sUbjective response
was as stable and consistent as was physiologic response. In
addition, measurements made during actual use in field settings was
generally as consistent as in carefully controlled laboratory
settings. This suggests that with only limited additional study,
practical worker evaluation methods may be developed for workplace
application. This is especially important now that the Americans
with Disabilities Act mandates careful rational evaluation of
impaired workers to assure their right to work.

4. Respiratory Timing Parameters are Useful for Characterization

Respiratory timing parameters (Inspiratory time, Ti, and duty
cycle, Ti:Ttot) are useful for characterizing devices and workers.
They are consistently affected, related to actual tolerance,
affected in all sUbject subgroups, and affected by the different
respirator loads.

In .uaaary; this project has identified respirator and personal
factor. affectinq tolerance to respirator use. Application of
the.e data can foster development of objective aeasure. to assure
the proper respirator may be available for each worker to protect
aqainst inhaled toxins. Furthermore, understandinq of the
.echanisms of tolerance can assure that no worker is denied a job
inappropriately becau.e of concern about ability to use a
respirator.
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ABSTRACT
This project sought to determine those factors determining

whether a worker will tolerate respirator use. In the past,
respirators and users were assessed to determine whether the
physical load imposed by the device is so great that the user
cannot meet the ventilatory demand of the added work. The
Respirator Tolerance project demonstrated both empirically and
conceptually that respirator design and user evaluation must
consider additional effects. Studies were conducted in normal
volunteers, industrial workers, and persons with mild respiratory
impairment.

The physiologic response to each type of respirator load
(alone and in combination) was evaluated, including flow resistance
(inspiratory and expiratory), dead space, and pressure biasing (as
from pressure-demand SCBA). Inspiratory resistance produces the
most prominent effects, although the other loads were significant.

The respirator effect on adaptation of respiratory
control (to optimize work of breathing or to minimize sensation)
was as important as total work of ventilation. Further studies
illustrated that respiratory pattern adaptation is consistent
across subjects and across levels of exercise; in addition,
respiratory impaired workers showed a consistent response for these
variables. SUbjective response also correlates with respiratory
timing adaptation. Thus, effects on respiratory pattern seem
particularly useful for evaluating workers and respirators.
Ventilation limitation alone does not explain respirator tolerance
at submaximal exercise levels.

The studies of normal volunteers in the laboratory
setting were complemented by studies on site in two industrial
facilities (a foundry and an aerospace manufacturer). Furthermore,
respiratory inductive plethysmography (RIP) was applied (with
considerable effort) to respirator research, allowing measurement
with actual unmodified respirators and in field activities, which
are more similar to real life use. These confirmed and extended
the laboratory studies. Use of actual respirators, in addition to
laboratory surrogates, provides insight: for example, a powered air
purifying respirator produced much less physiologic impact than a
standard air-purifying device, but the adverse subjective effects
were comparable.

Because the traditional effects on air-flow, etc. do not
fully explain differences in tolerances among subjects, additional
effects were evaluated. Partitioning of airflow between the nasal
and oral routes is changed by respirator use, and absolute resting
lung volume changes (FRC) were found to be increased by pressure
demand (pressure biasing); both possibly account for poor
tolerance. Subsequently, based on a pilot trial suggesting its
importance, subjective response was also determined. Inspiratory
flow resistance is more important than dead space loading.
Pressure bias, as with pressure demand respirators, is also
important both physiologically and SUbjectively.

Personal factors affecting tolerance were also studied.
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Psychophysical load scaling sensitivity (LSS) is an objectively
measured personal characteristic, describing growth of sensation
with added resistances. Persons with high LSS tend to have greater
subjective discomfort and also adapt a different respiratory
pattern (which imposes greater actual loads) than do individuals
with lower LSS. Differences in LSS (and consequent maladaptation of
respiratory pattern) may partially explain differences in
tolerance, even among physiologically normal persons who can
overcome the respirator resistance itself. Furthermore, on the
average, LSS declines with respirator use, thereby improving
tolerance to the imposed load.

A series of subjects with mild-moderate respiratory
impairment were studied: the pattern of response was comparable to
that of normals. This suggests that the types of variables studied
in normals are applicable to the impaired.

A group of industrial users self-classified themselves as
tolerant/intolerant; there was a tendency for differences to
persist on each of several SUbjective sub-scales and for the
intolerants to have a higher LSS. A combined subjective index was
useful for separating the tolerant and intolerants.

SUbjective measures may be consistently measured, are
related to physiologic response, and reflect two important personal
characteristics (LSS and self-rated tolerance). They can
distinguish respirator load types and provide complementary
information to physiologic measures. The components of subjective
response were assessed; perceived limitation of exertion and
subjective discomfort may be dissociated. The data suggest that
subjective response should be included in evaluations of both
respirator designs and specific workers.

Extensive studies showed general comparability of
volunteer, mildly impaired, and industrial populations. Field
course testing showed results comparable to those of the laboratory
and was consistent.

In summary, the project has shown that respirator effects
cannot be considered merely as limiting ventilation and maximal
exercise. Very important respiratory control adaptation and
subjective effects were described, and the project evaluated
interrelationships among various respirator loads, exercise level,
personal characteristics, ventilatory, sensation, respiratory
control, and SUbjective effects. These factors should be
considered when comparing alternative respirators or testing
workers. They also explain why some apparently "normal" workers
have poor tolerance.
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TBCBlfICAL RBPORT
REPORT FORMAT

This project has had many facets and subprojects. Therefore,
to faci~itate this report, the summary report is organized into
sections based upon the proposed specific aims, shown in Table 2.

The "Overview" section discusses the general problem.
"Methods" provides the overall scheme of the investigation.
"Specific Aims" summarizes the eight original project aims and
succinctly describes results for each; where appropriate, reference
for details is made to the published or
in-progress papers. A summary of the actual "Data" is presented in
a series of sections, each addressing a particular facet. Each of
these sections includes an overview of the problem and results.
Abstracts of papers1- 21 and selected tables and figures are included.

RESPIRATOR TOLBRANCB
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Overview; General Approach

Respirators play a major role in protecting american workers
from inhaled toxins. Proper understanding of their effects
improves their design and the medical criteria for determining
proper utilization. This project can improve the health of workers
with potential exposure to a wide variety of toxins by development
of respiratory protection systems which are effective and, equally
important, will be used in work situations. Effective respirator
programs (respirator personal protection) depend upon actual
utilization. This study has focused not only on the positive
physiologic effectiveness of the devices but also upon
identification of those factors which affect the workers ability to
tolerate the device, thereby directly effecting the likelihood of
proper utilization. Unlike other workplace exposure controls,
respiratory personal protection depends upon the volitional action
of the worker in employing the device properly. This study has
directly assessed the factors which determine an individual's
tolerance of the device. In this fashion, they have increased the
probability that the devices will be employed and thereby protect
workers.

overview; Future Work Needed

There is a need in the area of well founded criteria for
defining permissible physical loads imposed by the respirators and
in defining the types of medical evaluations. The current OSHA
regulation (1910.134) is not specific for the type of medical
evaluation, leaving considerable opportunity for inadvertent
discrimination against mildly impaired workers and, in addition,
permitting false assurance that use will be safe in some
individuals.

Although the planned work was completed, additional study is
needed. Now that the specific factors which determine tolerance
have been identified, future studies can use the quantitative
methods developed to generate rationale quantitative guidelines for
acceptable limits for respirator design and worker certification.

There is now a need to use the information developed in this
project and by other investigators in order to accomplish the
following:

1. Identify which of the many demonstrated effects are
really most important. 7
2. Establish quantitative measures for each of the
important effects.
3. Develop an integrated model for all respirator
effects.
4. Determine acceptable limits for the major effects and

RBSPIRATOR 'l'OLERANCB
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loads as a guide for regulatory and clinical policy.

IIBTBODS

This study was performed to assess respirator effects in human
volunteers. This section describes the methods used.

Respirators:

The study used either actual respirators or surrogates. Actual
respirators included single use masks, full face mask dual
cartridge respirators, self contained breathing apparatus (SCBA),
and powered air purifying respirators (PAPR). Surrogates allow
providing carefully designed and quantitative loads alone or in
combination. The table shows relative advantages and disadvantages.

Table: ACTUAL VS ACTUAL SUBROGATE
SURROGATES

Types of Load -Single Use -Insp Resistance
-Dual cartridge full -Exp Resistance
face mask -Dead Space
-SCBA -Pressure Bias
-PAPR

Relevance directly relevant to not directly
actual use comparable to any

real respirator

Load difficult quantitative
Characterization

Physiologic difficult (cannot Easier and more
measures connect to measuring direct

equipment: must use
plethysmographic
methods).

Generalizability possibly model relevant to other
specific similar loads

Consistency of actual load may controlled and
load differ among constant

SUbjects

Integrative Value integrates all might miss an
effects important effect if

the particular load
is not suspected

RESPIRATOR TOLERANCB
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'rable. ACTUAL VS ACTUAL SUBROGATE
SURROGA'rBS

Specificity of a measured effect effects can be
Effect may have several assigned to specific

causes loads by use of
factorial design

Ease of difficult easier
experimentation

Use method mask mouthpiece

For certain protocols, a mixed approach was used, in which
actual masks were employed, but the fittings were modified to allow
direct attachment to measuring devices such as pneumotachographs.

USE SITUATIONS:

The effects were studied under several circumstances.

In the laboratory setting (lab), conditions were carefully
controlled. Exercise level was directly controlled (eg, by setting
the resistance on the bike ergometer). Measurements could be made
using the full range of equipment. The disadvantage of this
setting, however, is that it is somewhat unrealistic and might
theoretically not fully reflect actual use conditions. In addition,
recruitment of workers who regUlarly use respirators to come to a
laboratory is more difficult because they must leave their
worksites.

Field course (Field) work is performed on a carefully
specified field course. The sUbject is accompanied by a staff
member throughout. The activities, although specified, are all
"natural" (eg., stair or hill walking). To provide consistency,
there are markers and time cards along the course. Nevertheless,
there is a possibility of greater exercise variability than in the
lab. Furthermore, measurements are more difficult since the usual
respiratory ventilation equipments cannot be used, but rather, tape
recording and plethysmography are needed. This disadvantage is
offset by the greater relevance to actual worksites. Furthermore,
in the future, "field courses" could be established in clinics and
worksites for evaluation of workers.

Worksite laboratories (worksite) involve controlled exercise
as in a lab setting, but conducted at a worksite facility. For
example, in part of the study, major components of the on-campus
lab were moved to an aerospace manUfacturing facility's on-site

RESPIRATOR 'rOLBRANCB
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clinic. This permitted studying actual respirator users (and
similar non-user controls) efficiently without the biases
potentially present in volunteers who are able to come to a
University lab.

Exercise Regimens:

In general, the project utilized sUbmaximal, exercise levels.
We elected to specify the exercise level rather than adjust
exercise level to adjust the subject's ventilation or 02
consumption to a set value (ie, the speed and grade of the
treadmill, not the achieved ventilation, was set).

Exercise periods were 6-8 minutes in length for each condition
in most protocols. For some purposes, when the study required that
the subject be evaluated at many exercise levels, rapidly
incremental protocols were employed using 1 minute intervals.

In addition, for those studies involving determination of a
subject's peak level, incremental exercise to maximal was employed.

RBSPIRATOR TOLBRAHCB
P. Harber 12



Table 2. SPECIFIC AIMS

speoi~10 a1u o~ 'this project include:

1. De1:erJU.ne .~f.ota of 1104.1 and aotua1 respirators upon 'the
phyaiol09:Lc, paychophyaioloqic, aubj'eative, and work p~~ormana.
aharac1:ariatdca o~ uaera.

2.~ .:f:tecta o~ ••veral types of r ••pirat:= loa4. on the
aboVe variabla 01__• Det.rmih. 'th.e extant to which labora~ry

st:udJ... with r:espha1:Or aurroga't.. are oomparable 'to actual %'aap12:ator
WI. in Dcm-l~ratory oonditions.

3. ~_. 1:be in1:er-r.latio~h1p. UlOng the physiologic,
INJ,:)j~iv., psychophyaiologic, and work p8~ox:manae fact:ors or
respirator affao1:a. All.... the 489%'8. 'to which ....ily det:Ara1ned
o1:»jeotive phy.iol0910 1:881;. re1at.a t.o 1:ha ot:her factors of r ••piJ:'at.or
"t01arance•

4. Develop and validate a human volunteer panel t.eabDiqua ~or:
providing- iDtll9Z'a~ ....ure. o:t respirator .f~ecta. Such a ..thad
should ha uaeful as a standardized r_pirator .valua1:ion 't:echnique.

5. DeacrJ,ba t:b.. abort aDC1 long~ a1:abi11:ty ot ....urad
J:88pona_ 1:0 re-pJzat.or WI•• Delineate intra-parsonal from inter­
personal d1r~er8DO_ in pat:t.~ of adap1:a~:Lon. (Suoh .ill:t02:'Jl&t:10D 1s
n.c..s~ ~or :l.Dt.8%PZ'etiDCJ AllY evaluaUon of an individUal worker and
for -.an -t••tiDg- o~ ~up1ratoN).

6. nav.lop aet.hoda for t:aa~1ncJ individual. and r ..plra~ors in
~iald ••'t'tint;-, aucb ••thoda aiqh't aUbaaqwmi:1y be e1IPloyed on a
·non-na••rob ba8ia". COIIpare laJ)orato:y, :field course, an4 worksit.a
..~oda. .

.,. Detarain. t:ha phyaiol09io 2:••pon•• 1:0 raspJ.ratory pr•••ura
bi_ing , • .bdlar· 1:0 'thai: or ,pre.aure deJaaJld ra.p:Lrat:or.).

. 8. Deaorib. 'the .~f.cta of ..uvency Ua. of reap1ra'tora (1ft
cont:rut 1:0 raplar, pzoolo1\9.ct usa).
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Results Organized by Specific Aims

1. Determine effects of model and actual respirators ••• ;
The" effects of respirators, both actual and surrogate load,

were carefully evaluated.
Different loads were compared, and it appears that inspiratory

resistance is most significant both physiologically and
sUbjectively. However, other loads also contributed to adverse
effect.

As previously shown by the investigators, flow resistance
decreased peak flow rates and peak exertion levels. A major new
finding was the extremely consistent effect on respiratory control.
Uniformly, there was prolongation of the inspiratory time (Ti) and
of the duty cycle (Ti;Titot ) by inspiratory resistive loading, and
conversely, expiratory loading had the opposite effect. Average
flow rates also were decreased. It is notable that the change to
the timing parameters did not necessarily decrease the total
ventilatory work.

Subjective responses were measured using two visual analog
scales, and the effects of different types of loads could be
compared. As shown below in more detail, resistive loads were more
significant than dead space loads.

The specific effects of pressure biasing loads are discussed
under aim seven below.

RESPIRATOR TOLERANCE
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2. "Comparative effects of several types of respirator
loads •••• determine the extent to which laboratory studies with
respirator surrogates are comparable to actual respirator use in
non-laboratory conditions."

Extensive studies under field conditions were performed. The
study required the use of respiratory inductive plethysmography.
These studies demonstrated that comparable results were obtained
under field conditions using actual respirators and in laboratory
settings using surrogates. This is reassuring, allowing
utilization of laboratory data from our other studies as a guide to
"real-life" effects.

The results suggest that it is important to evaluate both
subjective and "objective" physiologic effects. For example, we
stUdied powered air purifying respirators (PAPR). There was a
significant disparity between the subjective responses (which were
adverse) and the physiologic responses (which were not). Focusing
only on the physiologic effects of the respiratory loads (which are
minimized w~th PAPR's) would have inappropriately labelled these as
especially valuable.

RBSPIRATOR TOLBRANCB
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3. Assess the interrelationships among the physiologic.
subjective. psychophysiologic, and work performance factors of
respirator effects., ••

These studies demonstrated that there are clear
interrelationships among the different categories of effect.

Psychophysiologic studies provided insight into the mechanisms of
tolerance beyond those involving actual ventilatory work. An
individual's psychophysiologic load sensitivity is an objectively
measurable parameter (LSS), showing how quickly sensation grows in
proportion to increased loads. It differs significantly even among
normal individuals. Studies demonstrated the following:

a. There are significant differences in LSS among normal
individuals.

b. An individual's LSS partially determines the subjective
response to a given load. Individuals who are highly
sensitive tend to be more uncomfortable.

c. LSS partially determines the pattern of respiratory
response to respirator loading. Individuals with high LSS
scores tend to adapt a somewhat "non-functional".respiratory
pattern when faced with certain loads.

d. In normal individuals, LSS "down adapts" during respirator
use. That is, over the course of an extended experiment, the
LSS scores actually decreased for individuals, thereby
allowing them to better tolerate the effects of the
respirator.

e. In industrial worker populations, there is a trend towards
greater global discomfort ratings by individuals with higher
LSS scores.

Taken together, the psychophysiologic (LSS) data help explain
why some individuals report poor tolerance. Individuals with
higher innate sensitivity to added respiratory loads may tend to be
increasingly uncomfortable. In addition, in order to minimize
sensation, they adapt respiratory patterns which tend to increase
the actual work. Finally, it is possible (although we have not
proven it) that there are individuals who do not decrease their
load sensitivity in the course of respirator use; such individuals
may be particularly sensitive.

We have also examined the relationship between SUbjective
responses and physiologic responses. It is reassuring that there
are, indeed, such relationships. Generally, this suggests val idity
of worker comments concerning respiratory tolerance even if
subjective.

RESPIRATOR TOLERANCE
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4, Develop And vAlidate A human volunteer panel techn~gue",

Throughout the recent studies, human volunteers have
pArticipated on mUltiple occasions And have displAyed consistent
results,· The consistency is described under Aim five, below. Use
of human volunteer panels may be Advantageous in respirator
Assessment, pArticUlArly since there has been increAsed recognition
(through this project And work of other investigators) of the
importAnce of SUbjective AS well AS objective responses.
Development of A stAble human rating panel was feAsible and could
be Applied in A general manner,

RESPIRATOR TOLERANCE
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5. Describe the shQrt and lQng term stability Qf measured
respQnses •.•

The stability Qf respQnses was examined. RespQnses appear
equally stable in field and labQratQry settings. FurthermQre,
sQmewhat surprisingly, subjective respQnses are as stable as
"Qbjective physiQlQgic respQnses". This is impQrtant because
simple tests using subjective respQnses may be useful fQr
respiratQr evaluatiQn. FurthermQre, it further suppQrts the
pQtential use Qf human panel studies.

RESPIRATOR TOLERANCE
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6. Develop methods for testing individuals and respirators in
field settings. Compare laboratory. field course. and worksite
methods.

This study made extensive use of several different testing
settings. As discussed above, results tended to be consistent and
comparable in the different settings. Furthermore, practical field
courses, such as those developed herein, could be established in
many industrial settings.

In the course of the work, several groups of subjects were
compared. These included normal volunteers, individuals with mild
respiratory impairment (stUdied in the earlier project), workers
who used respirators regularly, industrial workers who do not use
respirators, and workers who claim they are particularly
uncomfortable. Notably, the pattern of response in each of these
popUlations was qualitatively the same. This suggests that the
same types of evaluating procedures may be used.

Comparison of the industrial workers who self classified
themselves as "tolerant" to those who were "intolerant" exhibited
interesting phenomena: They differed on many individual scales of
partiCUlar types of discomfort or intolerance. Furthermore, there
was a trend (but not statistically significant in the sample size
used) for the self classified intolerant workers to have greater
psychophysiologic sensitivity and to state that they tended to use
their respirators less. If this is true, then there would be a
clear link between actual use and subjective response.

RESPIRATOR TOLERANCE
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7. Determine physiologic responses to respiratory pressure biasing
(similar to that of pressure demand respirators) ••••

Pressure biasing was specifically studied in laboratory
settings. It is clear that pressure biasing does produce
significant physiologic and subjective impact. The degree of
intolerance is comparable to that of a moderately large inspiratory
resistance dead space load. Furthermore, the mechanism
identified was probably being related to an increase in the resting
lung volume. This suggests that pressure demand SCBA's must be
used with caution and that they must be evaluated for more than
ventilatory effects.

RESPIRATOR TOLBUBCB
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8. Describe the effect of emergency use of respirators:

We were not able to adequately describe emergency use.
studies using "naive" sUbjects were unable to demonstrate any
significant differences from those who had been studied with any
prior experience. It is possible that this was related to ethical
considerations in the study: we were not ethically able to have
naive subjects use respirators without any explanation. It is
therefore possible that by the time the study was actually
performed, they were somewhat acculturated.

RBSPIRATOR TOLBRABCB
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9. Additional studies;

Additional studies, not fully described in the specific aims were
carried out.

The partition between nasal and air flow was studied based on
the preliminary observation in the course of the study that changes
occurred. Work in other laboratories suggested that this might be
an important factor, and we therefore incorporated such studies
using a thermal sensing method (thermocouple in front of the nose).
The studies demonstrated that there is indeed a significant effect
of respirator use upon the switch from nasal to oral breathing.
Normal individuals shift from nasal to oral breathing as exercise
level increases. In the respirator use situation, this occurs much
earlier in the exercise regimen, and this may significantly
contribute to adverse symptoms.

RESPIRATOR TOLBRANCB
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CONCLUSIONS

The ability to use respirators safely and effectively is
multifactorial. Proper evaluation of both respirators and users
must re~ognize all of the important factors. The study suggests
that human panel testing can have a major role in the objective
evaluation of respirators. Practical workplace testing of
respirator users in a rational manner is likely to be feasible in
the future.

RESPIRATOR TOLBRARCB.
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