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ABSTRACT 
-

measured upper esophageal temperature during exercise and the

subsequent pulmonary functional responses in eight asthmatic subjects and In

- six normal subjects who breathed air at cold and dry, ambient and body

conditions. Asthmatic subjects developed the greatest obstruction following

exercise with cold and dry air and no response to air at body conditions,

while the normal subjects developed no obstruction in the post-exercise

period with any of the three air conditions . Despite the divergent responses

- 
- 

- 

in the two groups, upper esophageal temperatures fell by the same magnitude

below core values in both normal and asthmatic subjects, indicating that

, identical degrees of airway cooling occurred. We conclude that rather than

having a defec t in the abil i ty to condition inspired air , asthmatic subjects

are more responsive to the effects of incompletely conditioned air.

airway obstruction, heat and water exchange in airways, esophageal 
- -

temperatures, exercise - - 
- 

- 

- 

- - - -
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INTRODUCTION 
-

Recent reports, from this and other laboratories, have postulated that

cooling of intrathoracic airways may be part of the initial reaction sequence
• by which exercise leads to airway obstruction in asthmatic- individuals (1,3,

5-7,12). We have reasoned that if this tiere so, then one should be able to

obtain sOme measure of the magnitude to which this occurs, as wel l as determine

whether there are any differences between normal subjects who do not develop

abnormal mechanics following exercise, and asthmatic subjects in whom broncho—

constri ction occurs in direct proportion to the thermal burden placed upon.

their airways (6,7,12). Since direct recordings of the temperature in the

tracheobronchial tree are technically difficul t to obtain , particularly during

exerci se, we used the temperature in the esophagus adjacent to the trachea at

the level of the car ina as an indi rect i ndex of the changes takin g place in the

airways. Our observatiOns form the bases of this report . - -

METHODS

Eight asymptomatic , asthmatic indiv idual s with reproducible exercise—

induced asthma previously documented in our laboratory, and six normal

volunteers served as our subjects . Their anthropometric data are contained In

Table 1. The asthmatics refrained from taking any medication for 12 hours -

before any study day, and none had used cromolyn sodium or glucocorticolds for

at least one month before entering this investigation. Informed consent was

obtained from each parti cipant.

We defined the anatomic relationships of each subject ’s esophagus to

other mediastinal structures by having them swallow a balloon-tipped catheter

into the stomach via the nose. Pressures in the balloon were measured with a

variable inductance transducer (Validyne MP-45-1) and recorded on a multichannel

L
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time-based recorder (Hewlett Packard 7700-D). The catheter was slowly withdrawn

so as to locate the gastroesophageal j unction, maximum cardiac artifact and the

lowest point in the esophagus at which movement of the trachea produced a

pressure artifact (10). These distances were recorded and used to select the

sites for the placement of thermal probes .

After the catheter was removed, the subjects then had two copper constantan

thermocouples (Barly Instrument Co.) inserted through the nares into the

esophagus. One was positioned behind the heart at the site of maximum cardiac

artifact and the other at the point of the tracheal artifact. A third thermo-

couple was inserted approximately 10 cm into the rectum and used to measure core

temperature. To insure that the esophageal probes maintained their relation-

ships one to another, they were taped together before insertion, and then

secured at the opening of the nares to avoid their movement within the esophagus

- during exercise. Each of the three thermocouples of a - set were matched for

response times and absolute readings in various thermal baths, spanning a 20 to 
- 

-

50°C range. The outputs. from the thermocouples were recorded continuously and

simultaneously during each experiment by a Neumatron Temperature Scanner (Leeds—

• Northrup) that was in series with a high speed teletype (Dec Writer Digital

Equipment Corp.). This instrument compl ex digitized the analog data and gave a

numeric temperature value from each thermocouple every seven seconds-. The

entire system was calibrated against a Bureau of Standards Thermometer ininersed

in water at various temperatures. 
-

We measure d airway resistance and total lung capacity with its subdivisions

in a variable pressure plethysmograph that was seri ally interfaced to an analog

recorder (Electronics for Medicine) and a minicomputer (Lab 8E, Digital Equipment

Corp .) (8 ,9,15). Resistance was converted to its reciprocal , conductance , and

expressed as a conductance volume ratio termed specifi c conductance (SG
aw

) (2) .

2



Four •to five measurements of each variabl e were obtained , and th e mean was

computed. These data were considered acceptable if their coefficients of

variation were 5% or less. Maximum forced exhalations were then performed in

triplicate using a waterless spirometer (Electro Med. Model 780, Searle Cardio—

pulmonary). i-s forced expiratory volumes (FEy 1) and inaximum mi d-expiratory
- 

flow rates (MMF) were computed by standard techniques. The best effort, as

defined by the curve with the largest forced vital capacity and FEy1, was used

for analysis. 
- 

-

The temperature and water content of the inspired air was controlled by

having the subjects breathe through a heat exchanger and bubble humidifier as

in previous experiments (12). This set of instruments was capable of producing

temperatures between -20°C and 120°C with relative humidities (RH) varying from

. zero to 100%. The temperatures of the inspired air were continuously recorded

by a thermocouple located wi thin the airstream in the exchanger, 10 cm upstream

from the mouth. The output of this thermocouple was also fed into the

temperature scanner and recorded at seven second intervals synchronously with

the others. Expired gas was directed away from the exchanger through a one-way

valve into a Tissot spirometer so that tidal volume and minute ventilation

(yE) could be recorded. Heart rate (HR) was monitored continuously. The water

content of the air supplied to the subjects was verified by drawing known

- 

- volumes of air through glass drying tubes containing anhydrous calcium sulfate

(W. A. Harn~iond Dricrite Co.) as previously described (12).

Esophageal and rectal temperatures were recorded before, dur i ng and after

the subjects performed mul ti ple bouts of exhausting leg work on a cycle

ergometer while breathing air at various temperatures and water contents. In

the asthma ti cs, air at ambien t room, body and subfreezin g conditions was employed

in a ran dom fashion ; and in the normal subjects,room and subfreezing conditions

~
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were used. In each of the experiments, the air was inhaled for four minutes

befo re, during and for four minutes after the exercise period. Pulmonary

mechanics were measured before and 5 to 10 minutes after cessation of work. 
—

The work loads, RPM and duration of exercise were held constant for each 
•

individual for each study. Upon compl etion of a work load, each subject rested -

for at least one and one half hours before subsequent exercise was undertaken.

This time period was employed to allow pulmonary mechanics to return to pre-

exercise levels if they had changed. These protocols exactly match those that

we have routinely employed for exerci se provocation of asthma in other studies

(5—7, 11—14). - 
-

The data were analyzed by paired and unpaired t tests and one and two factor

analyses of variance.

RESULTS 
-

Table 1 contains individual data for anthropometr ics , work loads , duration

of exercise and the location of the esophageal thermocouples for the normal and

asthmatic subjects. As a group, the normal subjects were older and larger than

the asthmatics. -The mean work loads were 956 ± 277 (SD) and 1250 ± 225 KPM for

the asthmatics and normals , respectively. The mean duration of exercise was

3.9 ± 1.2 mInutes in the asthmatics and 4.5 ± 1.4 minutes in the normals. There

were no significant between ~roup differences for these two variables.

The Inspired air temperatures (T1) and water contents (W1) and the 
-

ventilatory and circul atory consequences of exercise are shown In Tabl e 2. In

the asthmatics, T1 and W .~ were -16.3 ± 3.O~C and 1.4 ± 0.3 mg H20/L air;

26.8 ± 1.0°C and 6.2 ± 2.3 mg H20/L air; and 37.2 ± 0.5°C and 44.7 mg 1120/1 air

in the cold , room tempera ture and body cond iti on studies , respectively. In

thes e ex periments , the mean VE ranged from 68.8 to 70.4 1/mm and mean HR from

161 to 163 beats/minute . The inspired air conditions used in the studies 

- 
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involving normal subjects were statistically identi cal to those in the

asthmatics , as were the heart rates with exercise. However, the VE achieved

by the latter group was signi ficantly higher. Expressing VE as a function of

body surface area for both populations abolished this difference (e.g.,, VE/BSA

asthmatics cold study = 45.3 ± 8.7; normal cold study = 49.2 ± 8.7 1/min/M2;

t = 0.92; p NS). There were no significant differences for VE or HR between

experiments for either group by one factor analysis of variance.

The effects of exercise on pulmonary mechanics for each inspired air

condition are suntnarized in Figures 1 through 3. The baseline data for each

variable for each experiment were identi cal. When the asthmatics inhaled cold

air durin g exercise, SGaw fell 55.2 ± 16.6% from its control value (Figure 1).

Increasing the inspired air temperature and water content to 26.8°C and 6.2 mg

H~0/L air , respectively, (i.e.., ambient room conditions) significantly altered

- - the response. The fall from control was still significant (0.13 to 0.09 u sed

cm H20/L)-, but the magnitude of the response was blunted in that the decrease in

SGaw was now only 43.0 ± 9.3%. When air at body conditions was inhaled , no

post—e xercise change in mechanics devel oped. In the normal subjects , there was

no change in SGaw with exercise irrespective of the inspired air temperature.

Similar patterns were observed for FEV1 (Figure 2) and RV (Figure 3). These

effects of T.~ and W1 on the post exercise mechanical responses in asthmatics

are quite similar to those previously reported (5—8,11,12).- -

Temperature recordings from the rectum and the two esophageal sites are

shown for the asthmatics and normals in Figu res 4 and 5. These data demonstrate

that there were systematic differences in the temperatures of the three sites

at rest, with the order being rectal greater than retrocardiac , wh i ch in turn

was greater than retrotracheal . On the average , rectal temperature exceeds

that in the esophagus behind the heart by 0.3°C, and that beh i nd th e lower end

5 - 
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of the trachea by 1.0°C in both groups of subjects. However, the ii~~~tar’t

point is that with exercise, rectal and retrocardiac measurements kept a

constant relationship one to another, and either did not change or r~ e

slightly, while retrotracheal temperature fell significantly in the cold and

ambient room experiments in both asthmatics (Figure 4) and normal s (Figure 5). •

In the study in which air at body conditions was inhal ed,retrotrach~~I

- - temperature rose in concert with that in the retrocardiac position (Figure 4).

Comparison of the temperature differences between the retrocardiac and 
-

retrotracheal measurements for asthmatics and normal subjects during the last

minute of exercise for the subfreezing and room condition experiments are shown

in Figure 6. These data make several points. As can be seen, the lm~r the

value for T1, the greater the difference in temperature between the b~

esophageal sites (asthmatics ,cold vs.. . room, p< 0.001; normals, coldv ~. room,

p< 0.001). However , for any -:given condition of T1 and there w~ e no

significant differences in the degree of cooling in either absolute ~ relative

terms between populations. 
-

Analysis of the association between the changes in retrotracheal

temperature and pulmonary mechanics that devel oped with exercise und~ each

Inspired air condition in the asthmatics is displayed in Figure 7. ~ie second

forced explratory volumes were chosen as a representative variable. The same

relationship, exists for SGaw and RV. In this figure, it can be sees that the
- greater the fall in the esophageal temperature in the region of the bachea

during exercise, the greater the degree of obstruction that developed. No such

effect could be demonstrated in normal subjects despite an equivalert degree of

cooling . 

6 
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DISCUSSION

In previous studies we have shown that the degree of bronchial obstruction

that develops following an exercise challenge in asthmatics is in direct

proportion to the total respiratory heat exchange that occurs during exercise

(6,7,12). In these experiments, airway constriction did not occur when the

thermal burden placed upon the airways was eliminated by breathing air at body

conditions and was most severe when subfreezing air was inhaled. Values for T~

and W1 between 
- 

these two extremes resulted in intermediate degrees of

bronchial -obstruction. Because vagal efferent blockade did not prevent the

potentiation of exercise-induced asthma produced by large thermal burdens (5),

we postulated a direct effect of incompletely conditioned air.

In order for this postulate to stand, it was necessary to further hypothe—

size that incompletely conditioned air actually reached the intrathoracic

airways. If this occurred , these airways would have to give up heat and water

from their mucosa in order to bring the inspirate to body conditions. They, in

turn , should be cooled with the temperature drop being in direct proportion to

VE, and in indirect proportion to the water content and temperature of the

inspirate . The results of the present study clearly demonstrate that the

temperature of the intrathoracic airways does indeed fall with magnitude in

indirect proportion to and W1. Further, in the asthmatics there is a clear

- 
relationship between the degree of obstruction and the absolute fall In retro-.

tracheal temperature during exercise (Figure 7). Since the same temperature

changes occurred in normals in whom airway obstruction did not develop, we

bel ieve it unl i kely that asthmatics have a defect in the way they condition

inspired air. Rather , it appears that the asthmatic response is another

manifestation of their increased airway reactivity .

7
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Essential to our interpretations is that our upper esophageal measurements

are a reasonable ind ex of the temperature in the adjacent airways. Quite

probably the values are considerably higher than would be found in the airway

mucosa and certainly higher than in the airstream,since tissue perfused by

blood at core temperature intervenes between the esophageal site of measurement

and the structures whose cooling we have postulated should occur. Thus, if
anything , we are underestimating the magnitude of airway changes. The fact

that lower esophageal temperature closely matched both in sign and magnitude

the change seen in the rectal probe would rule out a spurious result due to

swallowing of air or cooled saliva , since both upper and lower esophageal probes

registered identical , simultaneous temperature decreases when either cold air

or water was del iberately swallowed. Hence, the direct relationship between

upper esophageal temperature drop and the magnitude of both the thermal burden

and the degree of post exertional obstruction that developed in the asthmatics

argues strongly that , desp ite the therma l buffer of perfused tisse, we were

assessing a reasonable index of temperature in the airways. -

Similar conclusions were reached by Cranston and colleagues in a study

concerned with the factors affecting oral , rectal and esophageal temperatures

in normal man (4). In this investigation , esophageal temperature was observed

to fall progressively from cardia to mouth with the chief change occurring at

depths of 30 cm from the flares. (This position corresponds quite favorably to

the 30.6 and 32.0 cm locations of the retrotracheal probes in our two groups of

subjects). The cause of this behavior was bel ieved to be due to the close

apposition of the trachea and esophagus in the upper thorax. -

In summary, we have confirmed tha t the magnitude of post-exertional airway

obstruction in asthmatic subjects is a function of the therma l burden during

the hyperpnea of exercise and have shown that the temperature drop in the

8
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airways, as assessed by upper esophageal temperature, relates directly to both.

In contrast to asthmatic subjects, normal subjects developed no post— .ertional

obstruction despite similar degrees of airway cooling.- Thus asthmatics, rather

than having a defect in conditioning of inspired air, would appear to ~ more

responsive to the effects of incompl ete condition ing.

-_ _  
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LEGENDS FOR FIGURES

FIGURE 1. The effect of exercise on specific conductance(SGaw) in

asthmatic and normal subjects while breathing air at sub—

- freezing, room, and body conditions. The letters B and R
- 

- 
below each graph represent baseline data and the response

observed post-exercise respectively. The data points are

mean values, and the brackets indicate one standard error

of the mean. The p values below each graph were derived

from a two factor analysis of variance. -

FIGURE 2. The effect of exercise on one second forced expiratory volumes

(FEVi) in asthmatic and normal subjects while breathing air at

subfreezing, room and body conditions. The format is

- identical to Figure 1.

FIGURE 3. The effect of exercise on residual volume (RV) in asthmatic
— and normal subjects while breathing air at subfreezing, room

and body conditions. The format is identical to Figures 1 and 2.

- - FIGURE 4. Temperature recordings from the thermocouples in the rectum and

retrocardiac and retrotracheal positions in the esophagus during 
- -

rest, exercise and recovery In the asthmatic subjects. The -

- 
- data points are mean values and the brackets represent one 

- 

-

- 

-

standard error. The left, middle and right panels represent the - 
-

- 
obse rvations obta ined while the subjects inhaled air at subfreezing,

room and body temperatures respectively. Ri represents the data

obtained after one minute of breathing on the heat exchanger at rest;

RL = the data from the last minu te of the rest per iod ; Ex 1

changes observed at the end of the first minute of exercise; Ex1 =

data from the last minute of exercise; and Rec = data from the

- 4th minute of the recovery period. -

-

~ 

- - •
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FIGURE 5. Temperature recordings from the thermocouples in the rectum and

retrocardiac and retrotracheal positions In the esophagus during

rest, exercise and recovery In the normal subjects. The format

is Identical to that in Figure 4.

FIGURE 6. Comparison of the differences in temperature between the retrocardiac

and retrotracheal thermocouples during the last minute of exercise

- - 
- - In the asthmatic and normal subjects. The left panel displays the

- 

absolute differences observed (AT) while the right compares the
- temperature differences corrected for minute ventilation (AT/

~E).

The first pal r of bars -in each graph indicates the cold experiment

and the second represents the room temperature study. The heights

of the bars indicate the mean and the brackets one- standard error.

FIGURE 7. The relationship between the fall -in retrotracheal temperature wIth

exercise and the post-exertional percentage change in one second

forced expiratory volume (FEy1) in the asthmatic subjects.~ The

open circles indicate the body temperature experiments. The closed 
-

circles represent room temperature data and the open squares

indicate the subfreezing study.
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1. The views, opinions , and/or findings contained in this report
are those of the author(s) and should not be construed as an
official Department of the Anny position, policy, or decision ,
unless so designated by other official documentation.

- - 
2. Human subjects participated In these studies after qlvlng their
free and informed voluntary consent. Investigators adhered to AR 70-25

- and USAMRDC Regulation 70—25 on Use of Volunteers In Research.
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