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exercise and all variables changed significantly from their pre-challenge :
values. Heating the air to body temperature did not influence this response.
Increasing the humidity at ambient temperatures significantly blunted the
response and body temperature fully saturated air completely prevented from

occurring. Thus, the water content of inspired air is an important variable
in the development of exercise-induced asthma.
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INTRODUCTION:
V It is a well recognized clinical phenomenon that asthratic -
individuals complain that exposure to various weather extremes, such

as cold or high humidity, will often cause acute exacerbations of

their diéeaée. Although there is little objective evidence to sup-<

portlshgh associations, they are so ingrained that it is widely
be]ieved'that living in a'warm, dry climate will ameliorate the  :
simptoms of*this illness. In the course of investigating the effects
of climatic condiiions on airway reactivity in asthmatics, we have
been ‘able to demonstréte'that, at least, part of these complaints
have a basis in fact. When asthmatics vere made to exefcise while
breaihing subfreezing air, we found that their post-exertional
bronchospastic response was markedly accentuated (1 ). Since air .
at ;ub-zero fempergtures contains virtually no water, our findings
rafsed'the possibility that the synergism between exercise and cold
air in asthmatics might be due to some sort of defect which inter-
feres with their ability to completely heat and humidify air during

inspiration.}-lf this were so; then preconditioning of the inspirate

| during exercise might possibly modify the magnitude of the subsequent

airway obstruction and thereby give some insights into the mechanisms
underlying exercise-induced asthma. Our results form the basis of

this report.




ABSTRACT |
le examined the bronchospastic response of 8 asthmatics who exercised
while breathing air under 4 conditions: (1) ambient room temperature and

water content; (2) body temperature and ambient water content; (3) ambient

room temperature fully saturated; and (4) body temperature fully saturated.
These test conditions were performed in random order. Multiple aspects of
pulmonary mechanics were measured before and 5 minutes after exercise. When °
air at ambient conditions was .inhaled, the expected airway obstruction deve]—.
oped post-exe}cise and all variableschanged significantly from their pre-
challenge values. Heating tbe ajr to body temperature did not influence thisl
response. Increasing the humidity at ambient temperatures significantly
blunted the response and body temperature fully saturated air completely

prevented it from occurring. Thus, the water content of inspired air is én 4

important variable in the development of exercise-induced asthma.
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METHODS

e | it i e

Eight atopic individuals, 1 man and 7 women, with reproducible exercise-
induced asthma'previou51y documented in our laboratory, served as subjects for |
this investigation. Their mean age was 22.9:2.0 (SD) years, and all met fhe
American Thoracic Society's definition of asthma (2). ATl refrained from taking
any medication for at least 12 hours prior to any study day. HNone had used g1uco-'
corticoids or cromolyn sodium for at least a month before these studies. Informed
consent was obtained from each participant. -

We ﬁeasured airway resistance and total lung capacity Qith its subdiviéions
in a variable pressure plethysmograph that was.serially interfaced to an ané]ég
recorder (Electronics for Medicine, White Plains, New York), and a minicomputer
- (Lab 8E, Digita]xEquipment éofpération, Maynard, Mass.) (3,4). Resistance was
. converted to its reciprocal, conductance, and expressed as a conductance Qo]Umg
ratio termed specific conductahcé (SéAN) (5). Four to five measurements of each
variable were obt;jnéd and the mean computed. These data were considered ac-
ceptable if thefr coefficients 6f variation were five percent or less., Maximum
forced exha]atfons were then berformed in triplicate using a waterless spirometer
(Electro Med Model 780, Houston, Texas). One-second forced expiratory volumes
(FEVl) and maximum mid-expiratory flow rates (MMF) were computed by standard
techniques. The best effort, aé defined by the curve with the largest fqrced
vital capgcity and FEV,, was used for analysis. .

Inspired air was conditioned by having the subjects breathe through a
heat exchanger which was kept either at ambient room or body temperatures. The
exchanger consisted of a heavily insulated, 76 cm long copper tube with an in-
ternal diameter of 6.5 cm, equipped with a 10.7 cm (ID) one-way valve on the
inspiratory port. In the body temperature experiments, water maintained at

37°C in a bath was circulated by pump through copper coils around the walls of




the exchanger. Inspired «ir temperatures in ali experiments were continuously
recorded by a thermocouple situated in the airstream within the exchanger and
located 10 cm upstream from the mouth. Expired gas Qas directed away from the
exchanger through another one-viay valve into a Tissot spirometer so that tidal
volume (VT)’ respiratory frequency (f), and minute ventilation (VE) could be
continuously recorded. Heart rate was also monitored continuously.

The water content of the inspired air was brought to full saturation by
forcing room air, wfth-the aid of a blower, into a copper manifold (3.5 cm ID)
that was peffofatéd wifh multiple small holes, and was immersed in a separate
water bath ﬁaintained at 50 or 29°C for the body apd room temperature experi-~
ments, respéctivé]y. The incoming air then bubbled through the water whefe
ft wéﬁ -heated éﬁd'fully huhidified. It was then éo]]ected in a 25 L meteoro-
logical ba?fooh which was in series with the one-way valve on the inspiratory
port of the exchanger. Nhj]e in the balloon, the air was permitted to cool to
efther 41 of 27°C7dependihg upon the experiment, so as to permit excess moisture
to "raiﬁ oﬁt“. fAs the_air entered the_exchanger, it then cooled further to |
either room or Bodyfemperature as determined by the exchanger settings, but if

maintained its saturation of 100% Adusting the blower speed and the amount of

filling of the balloon allowed us to control the rate of cooling and stilf pro-

vide sufficient conditidned air to meet the ventilatory demands.of the exercising
subjects. A thermocouple measured the temperature of the air leaving the bal-
loon. During experiments that employed ambient room humidity, the bubble .
humidifier was disconnected from the exchanger.

The water contént of the éir leaving the mouthpiece of the exchanger was
verified by sampling the airstream during simulated ventilations of up to 150 .
L/min at both body and ambient temperatures. Water content of the air was deter-

mined by drawing a known volume of air through glass drying tubes containing

N it 2o
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anhydrous calcium sulfate (W.A. Hammond Drierite Co., Xenia, Ohio). From the change

in weight of the drying tube and the yolume of air sampled, water content was ex-
pressed as mg H20/L air. The ambient temperature and humidity of the room were
measured with a standard mercury thermometer and a hygroscopic membrane hygro-
meter (Bacharach Instrument Co., Pittsburgh, Penna.), respectively. The accuracy
of the latter was also verified by samp]iﬁg room air and determining its Water'--
content by standard physical means as above.

In the first series of experiments we investigated the effecté of breatﬁ-
ing air at body temperature with various humidities on the pulmonary mechanical
response to exercise. This was accomp]ished by having the subjects perform three
bouts of exhausting leg vork on a cycle ergometer while breathing air at ambient
temperature and water content, body temperature and ambient water content, or |
body temperature fully saturated, in a random fashion. The ambient conditian -
experiment was used as a control. Each type of air was breathed for four minutes
before, during, and for four minutes after exercise.

Upon completion of each exercise period, the subjects were allowed to rest
for at least 1.5 hours while their pulmonary function returned to pre-exefcige
levels. When this occurred the exercise was then repeated using identical.work —
loads,'RPM, and durations for each individual. The mean work]dad vas 806+178
(S.D.) kpm, .and the mean duration of exercise was 3.13:+0,54 (S.D.) minutes.

Exhausting leg work was used as the provocational stimulus because it was.
technically easier to have the subjects breathe through the exchanger from a
fixed seated position. Previous experience with this form of maximum work had
demonstrated that it is a highly effective and reproducible means of inducing
bronchospasm (1,6,7). Similarly, the duration of work, the interval between
studies, and the number of studies that could be performed within a day had all

been previously verified as being appropriate (1,6-9).




Pulmonary mechanics were measured before and 5 minutes after cessation
of work. Again, prior experiments demonstrated that this time sequence would
coincide with the optimum response (1,6-9). As indicated, ventilations and
heart rates were measured continuously before and during exercise. The data
from the last minute of the rest and exercise periods were analyzed.

In order to isolate the effects of humidity per se, a second set of
experiments.wgfélperformeq on a different day. In this study, air of ambient
temperature wa;'completély humidified, and the response compared to that seen with
ambient tempe}aiure apd:water content. As before, the experimental sequence was
randomized. The work ]bads were identicé] to those used on the first day and
were kept conétant'for-eqch study for each subject. Pu]monary mechanics, venti-~
latiop;:and heart rates wefe measured és previously described. ; '

The data were éhalyzed by paired ; tests, and both one—aqd-two—factor
analysi§'of variance. |
RESULTS ' |

These studies wefe performed in an airconditioned room at sea level where
the ambieﬁt témﬁeratures and relative humidities varied between 22 and 25°C and
23 and 53%, respéctiQely, Since felative humidity iS defined as the amount of
vater pfesent in the aif as a prdportion of the quantity that the air can hd]d,
and since the latter varies with temperature, a given water content can be asso-
ciated with different relative humidities. For example, if the ambient water
content were 10 mg'BZOIL'air at a temperature of 25°C, this would correspond to
a relative humidity of 43%. However, if this air were heated to 37°, relative
humidity would fall éo 23%, because the amount of water the air could contain at
37° has risen by 21 mg/L. Consequently, to avoid confusion, this report will
present all saturation data in terms of absolute water content in mg of water per

Titer of air.
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The validation data for the measurement of water content are contained
in Figure 1. The data were obtained with the bubble humidifier at ventilations
ranging from 80 to 150 L/min and at air temperatures of 24 and 37°C within the H
heat exchanger. The first panel demonstrates that there wére no significant
differences betweén the expected water contents and those physically measured,
and the second shows that water content remained constant even at ventilations
greatly in excess of those seen in this study. |

The effects of exercise on pulmonary mechanics while breathing air at

different temperatures and humidities are shown in Tables 1 through 4 and Figures -

2 and 3. In the control experiment, the mean ambient temperature was 23.7+0.9°C

(S.D.), and the water content.ranged from 5.3 to 9.3 mg/liter of air (mean = 7.6%

1.6 mg HZO/L air). During exercise, VE was 71.339.0 L/min, and the mean heart .

rate was 165511 beats/min. As can be seen in Table 1, significant airWay obstruc-

tion developed. Sﬁecific conductance fell an average of 58% from its baseline

o .

valve, and FEV1 and MMF decreased 24 and 20%, respectively, from theirs. Residual

volume rose 61%. Heating the inspired air to 37.4+0.2°C, but leaving water con-

i tent at ambient values (8.7¢0;8 mg HéO/L air), had no effect upon the response

(Tab]e 2, Figures 2 and 3). Comparisons of absolute values for the baseline an&

response data with those in the control experiment by a 2 factor analysis of vari-

ance did not reveal any differences in these two studies (F < 1.0 for evehy‘variabie).
When the air was fully humidified (20.4:0.4 mg H0/L air) at ambient tem-

peratures (22.9i0;14°c), airway obstruction still developed in that all variables

! changed significantly from control, (Table 3),.but the magnitude of the response

was significant]y less than it was in the previous two experiments (p < 0.01 for

each variable), (Figures 2 and 3). Specific conductance: now fell only 23% while

FEV1 and MMF changed 9 and 18%, respectively. Residual volume was only 23%

greater than its pre-exercise value. Having the subjects inspire air at body
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temperature (37.1+0.5°C) with full saturation (44.11.0 mg H20/L air) abolished
the response.in that there was no significant decrement in lung function post-
exercise (Table 4). 1In point of fact, the spirometric variables actually im-

oroved over pre;exercise values, MMF significantly so. Residual volume rose 16%,

out these changes are no greater than those previously reported to occur in nor-

ral subjects following strenuous exertion (8,10). This response was significant-
ly different from the previous 3 experiments at the 0.01 level or 1ess for all
aspects of mecﬁanicai iung function except RV. MNo differences were found between
experiments 3 and 4 (ambieht temperafure fully saturated and body temperature
fu]]y.saturafgd)-¥or ihis index.

The trend in our data can be more clearly seen when the changes in each
variéble are poo]edldhd pﬂoEted as a percent decrement from the control experi-
meptal response versus the inspired water content. As can be seen in-Figure 4,
when the water content doubled, the observed bronchospastic response halved.
khen it was agaiﬁ'doub]ed to its maximum limit, obstruction did not develop.

It is unﬁikely fhat the differences in the magnitude of the response re-
corded akave ﬁére due to variations in the application of the exercise stimulus.
One factor analysis of variance demonstrates that there were no significant
differences in eithér v or héart rates between any study (VE, F.= 0.54; df =
3,31;p ns; IR, F = 0.30; df = 3,31; p-ns). |
DISCUSSION

The results of this study demonstrate that the magnitude of the broncho-
spastic response of asthmatics to exercise can be considerably blunted by in-
Creasing the water céntent of inspired air at ambient room temperatures and
totally abolished by having the subjects inhale air at BTPS conditions. Although
we have insufficient data to state categorically that these observations are

causally related to the phenomenon of exercise-induced asthma, consideration of

H-'.‘..."*-..’?."" %
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the factors that determine the physiology of heat and water exchange in the air-
ways, in conjunction with the chronic mucosal changes seen in this illness (11,
12), suggest that our findings may explain part of the reaction sequence by which
physical exertion ultimately leads to airway obstruciton.

During inspiration, air is conditioned to have a temperature of 3Z°C and
44 mg of water/L by the time it reaches the alveoli. This is accomplished by
transferring sufficient quantities of heat and water from the respiratory mucosa
to correct for the differences in temperature and humidity between the ambient
air and that of the body per unit volume inhaled. Heating appears to occur

primarily by convection which is greatly facilitated by the turbulent flows

and large temperature gradients that are found in the upper air passages (13,14).

As the air is warmed, its capacity to hold water increases, and it is humidified ;

by the mucosa. The net effect of this heat and water exchange is to cool the
mucosa. During éxpiration the process reverses along thermal gradients by con-
vection and as the air temperature falls, its water capacity diminishes so con-
densation onto the mucosa ensues; This results in recovery by the mucosa of
between one th{rd and one half of the heat transferred to the air during inspira-
tion. Of the two processes required to condition the inspirate -- i.e., direct
heating of the inspired air (0.304 Cal/L/°C) and the latent heat of vaporization
of water (0.58 Kcal/gm) -- the latter predominates, thus the vast majority of the
neat transferred by the mucosa is in the form of latent heat of vaporization.
Hence, it should be no surprise that in pre-conditioning the air, the effects of
humidity on the bronchospastic response predominated over temperature alone.
Matching inspired temperature to that of the body would be expected to

fecrease the heat transfer across the mucosa only very little. By contrast,
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increasing the water content of the inspirate, even at ambient temperatures,
greatly decreases the heat transfer. Hence, the findings that humidity and
not temperature influenced lung function are consistent with the idea that the
quantity of heat transferred across the mucosal surface is a major determinant
of the magnitude of the post-exercise bronchospastic response.

Why does bronchoconstriction develop under these circumstances invasth-
matics and not 1n normal subJects? Theoretically, there are three poss1b1]1t1es
Because of the patho]og1c changes in their airways, asthmatics may not* (1) con-
dltlon the 1nsp1red alr normally; (2) recover as much heat and/or water on ex-
p1rat1on as do norma]s- or (3) they may be unusually sensitive to effects of the

phy51ca1 st1mu1us of cooling. There are no data in the literatures to prove any

of these p01nts, but it is of interest that Caldwell et al. found the fraction of

body heat dlss1pated hy way of the respiratory tract to be higher in pat1ents
with Tung disease than it is in normals (16). On the average, the vent11at1ons
in the present study were six times greater than in Caldwell's woék, and it is
to Be expected that the heat loss was also commensurately greater.

: withih'the framework of the hypothesis that conditioning of inSpired air

may be defective in asthmatics, it seems pertinent to consider the differences

in the response to amblent air exercise in two groups of subaects-prev1ously re-

ported from this laboratory, since representat1ves of both groups are included
in the present study (9). One group hac a predom1nant1y large airway response
to exercise that was totally abolished by atropine, and the other had a predomi-
nantiy small airway response which not affected by pretreatment with anticho~
Tinergics. It is teﬁpting to speculate that in the first group, heat transfer
and its effects were predominant in large airways where the density of irritant

receptors is greatest (17 ). By contrast, it is possible that incompletely

- LA R
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conditioned air penetrated more deeply into the respiratory tract of the small
airway group, and direct or local effects accounted in large part for the
response.

It is not at all certain that these two groups are immutable. It is
feasible that the severity of the illness prior to challenge dictated the :
location of the responses. For example, the patients with predominant small

airway obstruction had more impaired lung function prior to challenge than did

* the large airway group. Consequently, in the former, it is reasonable to sug-

gest that inflammatory process with the airways accounted for an insufficient
conditioning of air until it reached more distal portions of the tracheobron-
chial tree. If this were true, then the site of obstruction 1nduced by exerc1se

would be expected to change as the patients underlying disease process improves.-

Firm conclusionsawait further experimentation, but preliminary observations‘sug- :

gest that when patients are repeatedly challenged over time with the same stimu-
lus, the Tlocation of obstruction appears to change as the disease process waxes
and wanes (E.. R McFadden, Jr. and R. H. Ingram, unpublished observations, 1977).
‘ ~ Since both populations had their responses blunted by cromolyn sodium, itl
appears 11kely that irrespective of site, mediatior release is involved in
bringing about the bronchospasm, or that some other less specific effect of
cromolyn was involved. The concept of mast cells being activated by non-immuno-
logic stimuli in these circumstances is an intriguing one. It has been recently
shown that there dre histamine containing cells that are related to the mast
ceTl-basophi] series that can be readily layaged from bronchial lumens of humans;
(18), and it is possible that they could be directly stimulated by the thermal
conditions of their environment. Precedent for this reasoning can be deriwed

from conditions 1ike cold-induced urticaria and cholinergic urticaria in which




the chemical mediators of immediate hypersensitivity are released from mast
cells within the skin in response to cold and heat, respectively, (19,20).
Irrespective of the ultimate path by which the obstruction develops,
even if our findings are not causally related to the phenomenon of exercise-
induced asthma, they clearly demonstrate thaf environmental conditions ext}aneous
to the patient can profoundly influence the magnitude of the response. These
conclusions are similar to those reached in a recent abstract (21). The clinical
significénté?ﬁf thése'observations is that when one is attempting to determine
such basic fssugs as fepéoducibi]ity, prevalence, and effects of various thera-
peptic maneuvers by perfbrming exercise challenges spaced over days, variations
or fluctuat{oﬁg ih envfronmentél femperature and humidity are signfficant inter-
active variablei'that must be controlled. As our knowledge gxpands, it is
expected thai ihesé climatic factors will be found to be unique to exercise
because of the stress it puts upon the heat exchanging mechanisms of the respi-
ratory tract and will play little or no role in other forms of bronchial

challenges.
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LEGEND FOR FIGURES: |

Figure 1. Validation experiments for the use of the Bubble Humidifier. The

graph on the left plots the expected water content of the inspired air

(derived from calculations using air temperature and relative humidity)

on the horizontal axis versus measured contents at tﬁe modthpiece of the
exchanger with the humidifier in action on the vertical scale. The
réo]id Vine is thg>]fne of identity. Each data point represents a
separate determination. The zero point was obtained with compressed air.’

The graph on the rlght shows the stability of the inspired water content

Sl dads Al onanild

~ at various alrflows through the humidifier-heat exchanger c1rcu1t The

~ data p01pts represgnt the mean of several determinations.

Figure 2. Changes in specif1c conductance (sG ") and residual volume (RV)
following exercise while inspiring air of various temperatures and water
contents. The letters B and R below each graph represent baseline and

response values, respectively. The data points.are mean values, and the

brackets repfesent one standard error.

Figure 3. Changes in one-second forced expiratory volumes (FEVl) and maximum

mi&-exbiratofy f?db rates (MMF) following exercise while inspiring air at

: various temperatures and water contents. The format is identical to Figure 2.

Figure 4. Comparison of the percentage decrement in response from the control
observation as a function of increasing inspired water content. The data

points represent the mean change seen when each index of pulmonary me-

chanics was pooled. The brackets represent one standard error of the

mear.




Effects om.mxmxnﬁmm on vcdamsmxz,Zmn:ms*om.zz*gm Breathing Air at Ambient Temperature and Humidity

Subject
1

0O N O O B W N

Mean -
S.D.

T
23.5
25.0
25.0
23.0
23.0
24.0
23.0
23.0

23.7
OOW

WC

6.7

5.3

5.3

8.8
9.0
9.3
7.6
8.6

7.6
1.6

U
62.2
55.4
71.2
75.4
75.7
78.7
82.8
69.2

71.3
9.0

.

HR

160
146
174
158
164
176

162
180

165
11

.mm>z

B R
0.14 0.04
0.16 0.08
0.12 0.04
0.11 0.06
0.13 0.07
0.14 0.05
0.13 0.06
0.09 0.04
0.13 0.06
0.02 0.02

<0.001

FEV,

B R
2.22 1.84
+2.65 2.42
2.55 2.07
3.13 2.02
2.69 2.31
2.72 1.3
2.98 2.01
1.74 1.50
2.59 1.95
0.44 0.36

<0.005

MMF
B R
1.09 0.92
1.87 1.49
1.89 1.09
2.45 1,15
1.78 1.35
2.41 0.66
2.27 1.22
0,91 0.87
1.83 1.09
0.58 0.27
<0,01

RV

B8 R
2,06 2.77
1.08 1.26
1.32 1.71
1,91 3.82
1.74 2.46
1.01 2.98
1.76 2.23
1.12 2.19
1.50 2.43
0.41 0.79

P AOQOH

Vg = minute ventilation in L/miny HR = heart rate in beats/min; T = temperature in °C; WC =

water content in mg/L; SG

AN

specific conductance in L/sec/cm :moxrm mm<H = one-second forced

expiratory volume in 1iters; MMF = maximum mid-expiratory flow rate in L/sec; RV = residual
volume in liters,

The p values refer to baseline-response comparisons.




.

Effects of Exercise on Pulmonary Mechanics While Breathing Air at Body Temperature and Ambient Water Content

SGpy FEV, MO RV
Subject T We ¢m e SN SR B TR B R R

1 7.0 6.9 65,3 152 015 0.0 2,40 1.02 . 1.37 D46 160 321
57,5 0.2 B7.2 12 C 0,04 .0.08 ' .2.29 L3 L3 0.8 1.0 1.M
37.5° 9.2 76.1 .168 0.11' 0.04 2,68 1.60 2.06 0.73  1.49 2.47
37.0 8.6 93.4 168  0.11 0.07 3.73 2.96 3.00 2.18 1.69 2.83
37.5 9.2 67.5 164 0.12.0.09 2.51 2.30 1,63 1,45 1.66 2.00
37.5 8.8. 70.6- 166 0.13 0.04 2.82 1.56 2.46 0.94 1.53 3.15
37.5 9.0 81.7 162 0.12 0.06 2.75 2.68 2.05 1.75 1.77 2.04
37.5 8.8 60.4 174 0.08 0.04 1.75 1.51 0.88 0.79 1.18 1.98

O N OOV P W N

Mean 37.4 8.7 va.l 162 0.12 0.06 2.62 1.93 1.85 1.15 1.50 2.43
S.D. 0.2 0.8 10.6§ .10 0.02 0.02 0.56 0.64 0.68 0.59 0.24 0.57

p R Ry P B <0.001 <0,01 <0.01 <0.005

¢m < minute ventilation in r\s*a"4rmuu heart rate in beats/min; T = temperature.in °C; WC =
water content in mg/L; mm>z = specific conductance in L/sec/cm zwo\rm _um<H = one-second forced
expiratory volume in 1{iters; MMF = maximum mid-expiratory flow rate in L/sec; RV = residual
volume in liters. The p values refer to baseline-response comparisons.




Effects of Exercise on vc“aonwsk Machanics While Breathing Afr at Ambient Temperature Fully Saturated

SGpy FEV, MMF RV
Subject T Mo ¥ w B, R CH ST N | B R

1 ' 23.0 20.5 .56.3 168 0.4  0.08 2.36 2.03 1.28 0.95 - -
23.0 20,5 71.0 144 0,31 0.11 2,16 2.00 1.23 1L.16 1.06 1.23
22,0 19.5 76.4 168 0.12 0.08 2.73 2,63 2.47 2.11 1,49 1.82
23.0 20.5 83.9 164 0.10 0.09 3,90 3.46 3.3 2.45 1.31 1.99
23.0 20.5 76.4 156 0.17 0.15 2,77 2.50 2.18 1.50 1.38 1.45
23.0 20.5 71.8 148  0.16 0.11  3.16 2,93 2.94 2.99 1.06 1.37
23.0 20.5 71,5 164 0.10 0.06 2.67 2.44 2,00 1.57 1.92 2.34
23.0 20.5 60.3 172  0.14 0.10 2,30 2,17 1.80 1.49  0.92 1.02

00 N OV O W N

Mean 22.9 20.4 71.0 161 0.13 0.10 2.76 2,52 2.16 1.78 1.31 1.60
S.D. 0.4 0.4 8.9 10. 0.03 0.03 0.56 0.50 0.75 0.69 0.3¢ 0.46

e al . ¥ <0.005 <0.001 . <0.01 <0.01

<m = minute ventilation in L/min; HR = heart rate in beats/min; T = temperature in °C; WC =
water content in mg/L; mm>z = specific conductance in r\mmo\nazmo\rm mm<H = one-second forced
expiratory volume in liters; MMF ‘= maximum mid-expiratory flow rate in L/sec:; RV = residual
volume in liters. The p values refer to baseline-response comparisons.




Effects of Exercise on Pulmonary Mechanics While Breathing Air at Body Temperature Fully Saturated

SGp FEV, MMF RV p
Subject T  WC Ve  HR B R B sk R B R

1 37.0 44 554 142 0.13. 0.14 . 2,12 2,20 097 1.09 1.61 1.8
38.0 46 87,1 152 ' 0.14 0.12 2.53 298 1.8 204 1.0 1LY
37.0 44 82,9 180 0.17 0.10 2.86 3.04 2.35 2.88 1.18 '1.37
37.0 44 - 64,1 172 0.10-0,01 3,87 4.20 3,06 3.66 1.81 1.88
37.5 45 69.8 156 0.11 0.14 2.62 2.64 ' 1,94 2,00 1.27 1.56
3.5 43 58.0 170 0.21 0.14 2.89 2.90 2,92 3.40. - .
37.06 44 78,4 164 0,11 0.12 3.00 2.8 1.79 24 1.61 1.74

36.5 43 69.2 184 0.09 0.09 1,92 1.81 1.13 1.01 1.05 1.19

B N O 6B oWw N

Mean 37.1 44.1 66.9 165 0.13 0.12 2.71 2.81 1.97 2.31 1.33 1.53
S.D. - 0B 1.0 10.1 14 0.04 0.02 0.54 0.70 0.76 0.98 0.24 0.28

B o R e, w8 NS <0.02 <0.001

<m = minute <m=ﬂ*dwﬂ*o=.*= L/min; HR = heart rate in beats/min; T = temperature in °C; WC =
water content in mg/L; SGy, = specific conductance in L/sec/cmH,0/L; FEV, = one-second forced
expiratory volume in liters; MMF '= maximum mid-expiratory flow rate in L/sec; RV = residual
volume in liters. The v.<md:mm.«m*ms_no baseline-response comparisons.
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a. The Views; of the author do not purport to reflect the positions
- of the Department of the Army or the Department of Defense.

b. Human subjects participated in these studies after giving their free
and informed voluntary consent. Investigators adhered to AR 70-25
and USAMRDC Regulation 70-25 on Use of Volunteers in Research.




