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ABSTRACT

Six healthy young men ( M =23.7 years + 3.7 SD )
volunteered to breathe hot, hum d air while wal king on
a treadm || at 40% \'Iozmax. Each subject was
presented nine experimental conditions with tests
occurring on separate days. Tongue and hard pal ate
temperatures were monitored via thermocouples mount ed

ina custom~-fitted mout hpi ece. Core temperature

(Tre) and heart rate (HR were monitored as
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secondary dependent measures. El evated dry bulb
tenperature (%b‘) caused increases Of both tongue

( £ < .001) and hard palate ( £ < .001) tissue
temperatures. Similarly, increases in relative

hum dity (R caused elevations in tissue tenperatures
of both the tongue ( £ < .001) and hard palate ( £ <
.001). There were no interactions, however, in tissue
temperature reactions. Core temperature and heart rate
were not affected by increases of either dry bulb
tenperature or relative humdity ( £ > .05).
Subjective feelings of discomfort in nouth tissues due
to inhalation of hot, humd air were greatest for the
experinmental conditions with a T of 51°C and RHs

of 80% and 95% The magni tude of changes in mouth
tissue tenperatures when breathing hot, humd air

provi des useful information to consider when

determ ning federal standards for the maxi mum

all owabl e temperature limts for Self-Contained

Breat hi ng Apparatus (SCBAs).
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| NTRODUCTI ON

Man is not ordinarily subjected to conditions where
the upper respiratory tract experiences heat gain while
the total body heat balance remains normal. However
during the use of some types of SCBAs (Killick, 1932;

Li nd, 1955; Kamon et al., 1984), or during certain

anest hetic procedures in hospitals (Comroe, 1974), a
person may be subjected to respiratory heat gain that
may cause extreme discomfort or burns in the mouth of
the user. While nuch work has been done on the
conditioning of inspired air under normal conditions
(Seel ey, 1940; cole, 1954; Inglestedt, 1955, McFadden et
al., 1982), relatively little is known about tissue
temperature responses of the upper respiratory mucosa to
conditions where respiratory heat gain will occur
(Gal l agher, 1984). Such information is valuable in order
to protect the mouths of persons required to breathe
hot, humid air and for setting federal standards for
maxi mum al | owabl e temperatures of SCBAs.

Relatively few studies have exami ned the
physiological response to inhalation of hot air. Haldane

(1915) described the effects of breathing hot zir, while
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the subject remained in a hot ambient environment.
Killick (1932) was the first to study the responses of
subjects breathing hot air while in a confortable

ambi ent environment. Her study reported that subjects
found breathing hot air was tolerable until the inspired
wet bulb temperature reached 59-64°C (at rest), or 54.5
~ 60.0°C (at a metabolic rate equivalent to wal king
4.0-4.5 mph). A nmore recent study found that respiratory
discomort was first felt at a saturated temperature of
39°C (Lind, 1955). Experimental studies with animls
have shown that hot, dry air at temperatures of up to
550°C is still adjusted towards body temperature in the
tracheobronchial tree and produces remarkably little

|l ung damage (Moritz et al., 1944). A study of pul monary
function with exercise under conditions of
temperature~humidity stress found that measures of

pul mnary function were generally not affected by

i nhal ation of warm, humd air, with the exception of
forced vital capacity (FVC), which increased (Stacy et
al., 1982). McCutchan and Taylor (1951) demonstrated the
mass and heat transfer process of respiratory exchange
to be fully anal ogous to a wet bulb thermometer;
inspired wet bulb temperature has also been found to

reflect changes in mouth tissue temperatures (Gallagher
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et al., 1985). The present study was initiated to
exam ne the interaction of dry bulb temperature and
relative hum dity on tissue tenperatures of the tongue

and hard pal ate.

BACKGROUND

During inspiration under normal tenperate
conditions, heat and water are transferred from the
respiratory tract mucosa to inspired air. Turbulent
m xing of inspired air in the upper respiratory tract
allows a large portion of respired air to cone into
contact with the mucosa of the upper respiratory
tract, causing a quick dissipation of heat throughout
the airstream (Proetz, 1951). As inspired air is
warmed, its capacity to hold water vapor is increased.
Therefore, evaporation of water fromthe respiratory
mucosa occurs in order to establish a vapor pressure
equi l i brium between mucosal water and water vapor in
the inspired air. The respiratory mucosa is cooled in
this process both by evaporation and turbul ent
convective heat loss. During expiration, the warmed
and saturated air of the alveolar environment comes

into contact with the cooler respiratory mucosa. This
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initiates a heat and water exchange from the expired
air towards the respiratory mucosa. In this manner,
the nmucosa is rewarmed and rehydrated for the
inspiration to follow (Walker et al., 1961).

During the inhalation of hot air, the respiratory
tract is generally able to increase its heat |osses so
that body thermoregulation is aided by the elimnation
of greater amounts of heat. When breathing hot air,
the humdity of the air is of particular inmportance.
1f the inspired air is hot and dry, some evaporation
of the water from the upper respiratory mucosa wll
occur during inspiration. This evaporation cools the
mucosa enough that hot, dry air in excess of 180°C can
be breathed without a great deal of disconfort
(Killick, 1932). The reason for such a remarkabl e
cooling of the upper respiratory tract is the fact
that the cooling action produced by the evaporation of
water is highly efficient (the |atent heat of
evaporation is 538 calories per gram). I1f, however,
inspired air is both hot and hum d, no significant
evaporative cooling of the respiratory tract mucosa
wi Il occur during inspiration. If inspired air is
saturated and above body temperature, the mucosa will

gain heat both from the inspired air and the water
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vapor in the inspired air, which will release its

| atent heat through condensation on the nucosa. Under
these conditions, the respiratory tract is elim nating
as much heat as it possibly can, but is gaining in net

val ue both heat and water (Walker et al., 1961)
METHOD

Six healthy young nmen between the ages of 21 and
28 ( M =237 + 3.8 sD ) volunteered to serve as
paid subjects (US $5/hr) to breathe nine conditions
of hot, humd air. The subjects breathed one hot,
hum d air condition per day with each test lasting 60
m nutes. None of the subjects had previous experience
with breathing hot air, and were unaware of the hot,
hum d air conditions they were experiencing.
Experi mental conditions were presented in a
progressive order (n=4) and random order (n=2) . Mean
subject height was 179.7 cm + 6.6 SD , and the
average weight was 72.2 kg + 4.2 SD . The subjects
wal ked on a treadm || at 40%)V029ax as determ ned
by a previously admi ni stered graded exercise tol erance

~1

. -1
test (nmean Vo,max = 50.6 ml-kg * min +

9.6 SD ; range = 43.6 -~ 72.0). The mean esti mated
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\'JL at  40% ‘}o,kmax for these subjects was 41.0
liters/min + 6.5 SD

The experimental conditions consisted of three
elevated dry bulb conditions (41°, 46°, and 51°C). At
each elevated dry bulb condition, three relative
humidities were studied: 65%, 80% , and 95% . The actual
achieved dry bulb temperatures and relative humidities

for this study are given in Table 1.

TABLE 1. - Desired versus achieved dry bulb temperature and
relative humidity for the nine hot, humid air conditions

Desired air condition Achi eved air condition
Tdb cc)l/ pet R.H.2/ Tdb (°C)Y pet R.H.2/
41 65 41.3 (0.1 D 64.5 (1.9 )
41 80 41.1 (0.2 D 81.1 (#2215
41 95 41.3 (0.2 D 93.3 (222 D
46 65 45.9 (0.3 9 65.6 (L8 )
46 80 46.2 (0.2 ) 79.2 (¥1.0
46 95 45.8 (+0.39D 94.4 (227 D
51 65 51.1 (0.5 SD 65.0 (1.7 D)
51 80 51.0 (0.4 D 79.7 (20 D
51 95 50.7 (0.2 ) 92.6 (2.4 D

SD - Standard deviation.
1/pry bolt temperature.

2/percentage, relative humidity.
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The range of corresponding wet bulb temperatures for

t he experi mental conditions was 34.7 ~ 49.3°C. The
experimental hot, humd air conditions were generated
using a specially designed apparatus (Gallagher, 1984;
Gal | agher et al., 1985). Air was delivered at

approxi mately 125 liters/min into a vapor generator

whi ch saturated the air with water vapor. This
saturated air then travelled to a heat gun which
heated the air to the desired temperature and relative
hum dity conditions before going to the subject's
mout h. Final dry bulb and relative hum dity conditions
were determ ned by means of dry and wet bulb
thermocouples which sanpled air at a point six inches
before reaching the subject. It should be noted that

whil e the subject was breathing hot air through this
system, the ambi ent environment was comfortabl e

(air~conditioned roomwith fans blowing on the subject
during work on the treadmill).

Tissue temperatures of the tongue and hard pal ate
were obtained by nmeans of thermocouples mounted in a
mout hpi ece that was custom-fitted to the subject's
mout h. This arrangenment allowed temperature sanpling
at fixed |ocations on the tongue and hard palate. A

rectal thermstor was utilized to nonitor the
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subject's core temperature. Heart rate (beats/min) was
di spl ayed on a digital monitor (Respiromnics Exersentry
SN), or was nmeasured using a Hewlett-Packard
Electrocardiograph. Inspired dry bulb tenperature and
relative humidity, tongue temperature, pal ate
temperature, core tenperature, and heart rate were
recorded every 5 m nutes during the one hour test.

The data collected on mouth tissue temperatures,
heart rate, and core temperature were analyzed
individually in a 3 x 3 (Eb‘ x RH) analysis of
variance on repeated measures design with post hoc
tests performed according to a Tukey WSD procedure.

The | evel of significance was .05 in all cases.

RESULTS

Significant increases in tongue tissue temperature
resulted fromincreases in both the dry bulb temperature

( F R 124.0, £ < .001) and percentage relative

humdity ( F,o ., - 195.1, £ < .001) of the inspired

air. Hard palate tissue temperature was simlarly
affected by increases of both inspired dry bulb

temperatures ( .% S = 390.0, £ < .001) and relative

humdity ( F = 401.5, £ < .001). The

1,
interaction of dry bulb tenperature and relative
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hum dity, however, was not significant for either tongue

tissue tenperature ( F = 1.5 p = .254) or hard

49 J

pal ate tissue temperature ( F = 1.2, £ = .329).

1,2

Core temperature (T;e) was not significantly
affected by either increasing inspired dry bulb

temperatures ( F Py = 0.6, p = .564) or relative

humdity ( £ Ly = 1.1, £ = .369). The other

secondary dependent measure, heart rate, also remained
unaffected by increasing inspired dry bulb temperatures
( F 1.5 = 3.2, p = .084) or increasing relative

humi dity ( f_l S = 0.4, £ = .669 of the inspired

air. Figures 1 and 2 show mean tongue and pal ate
temperatures, respectively, as a function of inspired

dry bulb temperature at the three relative hum dities

Studied.
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Figure 1. Mean tongue temperatures as a function of dry bulb
temperature and relative humidity of inspired air.
[Note:}= standard error of the mean; RH =relative

humidity]
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Figure 2. Mean palate temperatures as a function of dry bulb
temperature and relative humidity of inspired air.
[Note: iz standard error of the mean; RH=relative
humidity]
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Increases iNn tongue and hard palate temperatures
were found to be well-~described in terms Of inspired wet

bul b temperature by the follow ng equations:

(1) T,,..(cO =19.7 (°Q +0.46 T__ (°Q

tongue

(Standard Error of Estimate = 0.53)

(2) (°C) - 21.0 (°€)+0.43 T, (°C)

Tpalate
(Standard Error of Estimate = 0.47).

The relationship between inspired wet bulb temperature
and mouth tissue temperatures is dealt with in nmore
detail elsewhere (Gallagher et al., 1985). It should be
noted that these equations apply only to moderately

exercising subjects (40% \'Iozmax) .
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DI SCUSSI ON

Both tongue and hard palate tissue temperatures are
influenced by the dry bulb temperature and relative
humidity of inspired air. As illustrated in Figures 1
and 2, increases in relative humdity with a constant
dry bulb temperature causes mouth tissue temperatures to
i ncrease. Conversely, increasing the dry bulb
temperature of the air inhaled while maintaining a
constant percentage of relative humdity will cause a
similar increase in nouth tissue temperatures. However,
while dry bulb temperature and relative humdity both
increase tissue temperatures of the tongue and hard
pal ate, these variables do not interact, i.e., both
cause increases in tissue temperatures of the mouth in a
sim |l ar additive fashion. Although both of these
vari abl es have measurable effects on mouth tissue
temperatures, inspired wet bulb tenperature is the
preferred metric to use when describing increases in
ti ssue temperatures of the mouth (Gall agher, 1984;
Gal | agher et al., 1985) .

Since the experimental conditions were expected to

cause respiratory heat gain, it was of interest to
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determine whether elevated dry bulb temperature or
relative humdity m ght affect core tenperature

(Tle). Core temperature was not, however

significantly affected by increases of dry bulb
temperature or relative humdity. In general, core
temperature rose 0.5 - 1.0 °C during the hot, humd air
i nhal ati on sessions, at which point Txe reached a
steady state. The rise in Tre is attributable to the
moder ate exercise performed by the subjects during the
test. Previous research has suggested that there may be
an increase in sweating to conmpensate for the
respiratory heat gain incurred during hot, humd air

i nhal ation (Killick, 1932), but no quantitative
measurements were taken during this study and no

subj ective changes were reported. Heart rate also

remai ned unaffected due to inhalation of hot, humd air.
This finding is in agreement with Killick (1932), who
found no consistent change in pulse rate due to

i nhal ati on of hot, humd air.

Al'l of the experimental conditions were generally
well~tolerated by the subjects. However, two of the hot,
hum d air conditions tended to be percieved as
uncomfortable (though not intolerable) by the subjects.

These conditions were 51°C, 80% RH and 51°c, 95% RH
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(T*ﬁ = 46.9 and 49.3 °C respectively). During and
after these tests there were often complaints of
discomfort in the subject's gums, tongue, hard palate,
and posterior pharynx due to the inhalation of the hot,
hum d air. Redness of the subject's gums, hard pal ate,
tongue, and posterior pharynx were often noted after the
two nost stressful test, however, this phenonenon was
transient in nature. One subject elected not to finish
the 51 C, 95% RH condition (in accordance with the

I nformed consent procedure used) after 44 m nutes of
inhaling this air. The subject's guns were often the
first area of concern with regard to tissue sensitivity
to inhaling hot, humid air. This may be due to the fact
t hat al nost no conditioning of the inspired air could
have been achieved at this point in the respiratory
tract; a point where both vapor pressure and tenperature
gradients between the inspired air and the respiratory
nmucosa woul d be greatest. However, Killick (1932)
reported that subjects most often first felt the effects
of the heat on the roof of the nouth. The reason for
this discrepancy is unclear. Respiration was observed to
be nmore rapid and shallow during tests at 51°c, 80% RH
and 51°c, 95% RH. This may indicate that there is a

mechanismin action which attempts to |limt the amount
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of heat delivered to the respiratory tract per breath
under these conditions. Deep inhalation of this air
often elicited a coughing response. It should be noted
that persons undergoing anesthetic procedures in
hospitals (at a relatively low VE) may be able to
breathe this air with less difficulty than exercising
subjects.

The data presented in this study indicates that
breathing hot, humd air is well~tolerated by nmoderately
exercising subjects for all except the 51°c, 80% RH

(T. .- 46.9°C) and 51°C, 95%RH (wa* 49.39C)

wb
conditions. During these tests nouth tissue tenperatures
rose to higher than 41.0°C. It should be noted, however,
that all but one of the subjects were able to finish the
most stressful condition with only relatively mnor
compl ai nts of discomfort in tissues of the mouth. These
findings suggest that moderately exercising subjects are
able to tolerate inhalation of hot, humd air up to
inspired wet bulb tenperatures of 45°C with relative
ease. However, before any definative recommendations for
maxi mum al | owabl e temperature limts are recommended,
more work needs to be done to ascertain the effects of

hi gher ventilation rates, and studies need to descri be

how the stress of breathing hot air interacts with other
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stressors |1 nNherent in SCBA design (i.e., Dbreathing
against resistance and positive pressure, and breathing
el evated concentrations Of C0,) - This research would
allow us to gain a better understanding of how SCBA
units MRy be made safer to use (Vercruyssen et al.,
1984) .

One additional word of caution is appropriate when
interpreting these results. Although a somewhat
homogeneous sanple group of subjects was used in this
study, the subjects may not have been representative oOf
the population of individuals who m ght need to use an
SCBA. Kamon et al. (1983) coll ected physiologic data on
six coal miners simulating an escape from an underground
m ne followi ng an explosion. Compared with the physica
characteristics of subjects used in this study, the coal
m ners were older (45.2 vs. 23.7 years), shorter (172.0
vs. 179.6 cm), heavier (78.6 vs. 72.2 kg), and had a
| ower aerobic capacity (341 vs. 59.6 ml-kg '

MIw"l). The lower aerobic capacity of mners at
conmpar abl e exercise intensities may result in higher

m nute ventilation rates, and would thus cause a greater
amount of heat to be presented to the mouth tissues.

Based on the findings of this study, it is somewhat

surprising to note that the current guidelines for the
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amount of heat that may be generated by a one-hour
rescue respirator certified by the National Institute of
Occupational Safety and Health (NIOSH) is 45°C for a
relative hum dity range of 0~50% and 41°C for a relative
hum dity range of 50-100%. If a device 1is designated to
be used for escape only, these tenperature limts my be
increased by 5°C each. G ven the effects of relative
hum dity on tissue tenperatures in the mouth as
described in this paper, it can be seen that a broad
range of relative humdities at a constant dry bulb
temperature will cause a variety of responses in mouth
tissue temperatures. In practical terms, it can be seen
that a person breathing 46°C, 100% RH air 1is much nore
at risk of experiencing mouth discomfort than a person
breathing 50°C, 50% RH air. Therefore, it may be

advi sable to define maxi mum allowable tenperature limts
for SCBAs in terns of smaller ranges of relative

hum dities at various dry bulb temperatures, or
preferably in terns of the inspired wet bulb temperature
of the air (Gallagher, 1984; Gallagher et al., 1985). If
such changes were made, manufacturers of SCBA units may
be allowed to use co, absorbants that create very

hot, but dry air which may actually decrease the amount

of heat presented to the mouth tissues (due to a |ower
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inspired wet bulb temperature) conpared to that which 1is
currently allowed with saturated air. In fact, very dry
air at up to 100°C may actually be less physiologically
stressful t0o mMouth tissues than fully saturated air at

41°c.
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