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ABSTRACT

Five determinants of the water content of air expired by man were
examined and attempts made to quantify each determinant. Each of the
four determinants: ambient temperature, ambient humidity, tidal volume
and respiratory frequency was examined at both sea level and altitude,
The data collected from 14 men, at 7 ambient temperatures (-35° to
+35°C), and 5 minute ventilation rates (which formed a continuum from
4 to 80 L STPD/min.), were corrected and statistically analyzed by com-
puter. The results, presented in graphic, tabular and algebraic form,
permit éalculation of expired water or net water loss through the
respiratory tract in man with c;rrections for minute volume, ambient
temperature, gas denS§ity and ambient humidity.

An attempt is made to explain the results presented using the
notations of thermodynamics. It is assumed that the human respiratory
tract is an efficient but limited counter-current heat and mass (water)
exchange system. As such, the caloric requirements for equilibrating
the respired air to 37°C and approximately 1007 relative humidity are
contingent upon the five determinants listed. The impact of a change
:in gas density is completely described in theory, listing changes in
molar volume, heat capacity and gas flow characteristics, and how these
changes might affect the heat and mass transfer between the respiratory
mucosa and the respired air.

Several semi-quantitative tables are given which permit a rough
estimation of hourly or daily water loss from the respiratory tract for
man under various conditions of ambient temperature and oxygen con-

sumption.
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INTRODUCTION

"Lien CH'i," a Chinese word written in 2000 B,.C,, is probably the
first recorded reference to respiration; it means ''the transmuting of
the breath into the substance of the soul.'" Between 2000 B,C, and the
end of the 16th century, the concepts of respiration culminated in the
idea that the heart was a central source of body heat and respiration
was the body's way of cooling this fiery core. Quaint as this concept
seems, it still implied that respiration was the physiological process
of-rémoving moist heat from the body.

Physiology, as a separate discipline, did not exist until the
nineteenth century, and most physiological experimental evidence
gathered before that time was used as justification for various medical
theories. Medicine in the 16th and 17th century, was very much an art
and practitioners of the day were hardly concerned with geriatrics
and the degenerative diseases, especially respiratory ailments, so
widely discussed today. Respiration, poorly understood but seldom a
clinical problem, was subject only to observation and occasional specu-
lation. Then Sanctorius (1614) proposed that man, even at rest in a
comfortable environment, experienced a weight loss in excess of that

represented by urine, feces and visible sweat.5

This insensible weight
loss or "Insensible Perspiration' as it was called, was subjected to
intense investigation by Sanctorius, who used a unique balance for
weighing human subjects, This type of balance commemorates its origi-

nator, but clever as he was, Sanctorius failed to recognize the impor-

tant contribution of respiration in total body weight loss.
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Magendie, in 1829, working apart from the '"Insensible Perspiration"
groups, disputed the views held by his contemporaries; he theorized
that respired air was warmed and moistened along the entire respiratory
tract and not just in the alveoli.57 A 1926 review of the work com-
pleted in the field of "Insensible Perspiration'" listed not ome attempt
to separate the respiratory fraction of weight loss from total insensi-
ble weight loss, although at that time several workers had reported a
"respiratory weight loss".5 Thus, it has been only in recent times
that physiologists have finally quantified total insensible weight loss
into its components of evaporative loss from the skin, water evaporated
from the respiratory tract and the weight of carbon dioxide exhaled in
excess of oxygen inmhaled. Even more recent are studies of these three
components as isolated entities,

Benedict and Benedict (1927) offer an excellent review of the
important papers published between 1859 and 1900 in the field of
"Insensible PersPiration".5 Thé review published by Bruck (1962)
covering the work done on "Insensible Perspiration' between 1906 and
1958 offers some data on expiratory water 1oss.8 The literature review
included in this present report indicates the paucity of expiratory
water loss data for humans in very cold environments or at widely differ-
ent minute ventilation rates., Much of the existing literature tends to
emphasize total insensible weight loss while other work lacks any des-
cription of the ambient conditions., The need for a quantitative adjust-
ment of the extent of respiratory water loss under extreme ambient con-

ditions is not completely recognized in the existing literature,.

The mammalian lung is maintained at a nearly constant temperature



regardless of the tremendous variability in respiratory pattern as
imposed by the demands of oxidative metabolism. Unlike dogs and other
mammals without eccrine sweat glands, man, in late fetal life, shows a
reduction in the facial part of the skull which decreases the effective
barea of the nasal turbinates. Man's reduced sense of smell and his
reliance upon the skin as the predominant heat loss region, are cor-
related, teleologically at least, with the decreased complexity of his
turbinate and ethmoid structures. Nevertheless, the upper airway in
man has so effective an "air conditioning" function that man can expose
himself to ambient temperatures of -100° to +100°C and still maintain
the functional integrity of the alveoli.35’57

The temperature and humidity of inspired air are subjected to the
greatest change in the nose or mouth, where turbulent convection serves
to equilibrate the air with the mucosa, _This "air conditioning' process
continqes along the entire respiratory tract and is so effective that
even at the level of the carina (bifurcation of the bronchi) there is
only a 10% difference between the inspired air and the alveolar con-
ditions of 37°C and 100% relative humidity,l1%,15,16,35,43,45,53,56,57

Except in very warm environments the respiratory mucosa, which
includes the mucous layer, loses heat and moisture to the inspired air.
The mucosa, which has been cooled and dried during inspiration, acts as
a "heat sink" during expiration, the expired air losing heat and water
to the mucosa,.

Water has a very high heat capacity relative to that of air, and
therefore has a significant role in this "air conditioning' function.

Dry air, with a specific heat of 0.24 calories per gram, requires only
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0.78 calories to heat one”tidal volume of 500 cc from 32° to 37°C. 500
cc of moist air require 1.52 calories for the same temperature change.
An additionél 14 calories are required to vaporize the water increment
necessary to maintain 100% saturation when that air volume is raised
through a 5°C temperature increment. At 37°C and 100% saturatiom, 500
cc of air contains 21.95 mg of water during expiration; cooling that
volume to 32°C permits a condensation of 5.05 mg of water plus 14 calo-
ries recovered as the latent heat of condensation.26’66 Thus the recon-
densation of water could allow the mucosa to recover 90% of the calories
originally added to the inspired air. Actually, a good deal less than
90% of the heat and water added are usually recovered, }2,17,35

Subjectively, the '"runny nose' of cold climates and the dry throat
in desert climates, suggests there is a variability in the moisture
available on the mucous lining of the airways. Subtle but important
changes do occur in the mucosa as a result of vascular changes and

4,24,39,48 The time required for the vascular

environmental stimuli.
system to restore the respiratory mucosa to 37°C and full saturation
exceeds the duration of the ordinary respiratory cycle; therefore, the
mucosa is at less than 37°C and less than saturated at the end-expiratory
position. This mucosal caloric deficit precludes any final equilibration
with tracheal air since this dead space air has the shortest time of
contact with the mucosa, which is already less than 37°C and 100% rela-
tive humidity. Consequently expired air fractions are of increasing

heat and water content, from the relatively cool, dry, tracheal air

5
down to alveolar air which is at or near 37°C and saturated with water.

Respiratory dead space is relatively fixed, and as tidal volume (V)
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decreases the per cent of Vi occupied by tracheal air increase;.31’42’64
Tracheal air is '"'dead space air'" and as such is not fully heated or
moistened. A small Vy is usually accompanied by a high respiratory
frequendy, which permits only a limited time for equilibration of the
inspirate with the mucosa. A high respiratory frequency also affords
only a short time for the circulatory system to reheat and hydrate the
mucosa.

This pattern of high respiratory frequency and low Vp produces an
expirate which is significantly lower in heat and water content than
that of a more normal respiratory pattern. Most investigators agree
that there is a direct relationship between expired water and Vg, that
is, expired water decreases as Vp gets smaller. An alternate approach
to this phenomenon correlates a high respiratory frequency with reduced
expired air temperatures and expirate temperature determines water
content to a large extent.l*’lo’ll*’19’33’34’37’52

The '"'respiratory sigh," a large tidal volume slowly expired, is
clinically associated with febrile pathology, whatever the cause. Such
a modification produces a maximum heat and water loss in expired air.

A large or normal insPiration followed by 30 seconds of apnea will also
increase expired water vapor pressure by about 3 mm Hg.14 Thus, although
incapable of true canine-type thermal polypnia, humans can vary their
respiratory heat and water loss by altering their respiratory pattern.

Both physiological and environmental conditions can alter the
water content of the expired air. Very cold, dry inspirate can rapidly

deplete the mucosa of its heat and moisture, and if the respirato;y

minute volume is high, the circulatory system cannot maintain the mucosa



at conditions of 37°C and saturated with water. Very warm, dry ambient

air will also promote a decrease in expired water for the same reason,
Any of several ambient conditions which will alter the amount of

heat and/or moisture being inspired, will produce an effect on the

heat and water content of the expirate. Any alteration in thé respira-

tory pattern, either frequency or Vp, can also effect the heat and water

content of the expired air.



STATEMENT OF PROBLEM
The author, as a research assistant for Dr. T,A. Rogers, partici-

49,50,51 In the course of

pated in several arctic survival experiments.
this work, it became evident that the state of hydration of a man in the
Arctic is a more critical determinant of his survival time than is his
caloric intake. An accurate, quantitative evaluation of all routes —
of water loss was deemed necessary. The existing knowledge of insen-
sible water loss did not adequately cover the problems of man performing
severe tasks at 0° to -40°C,

The practical nature of ‘the arctic survival work, most of which
was done in the field, demanded a knowledge of respiratory water losses
while the subjects were actually exposed to the extremely low ambient
temperatures wearing practical arctic clothing and performing various
tasks, In addition to the data obtained at low temperatures in the
field, it was desirable to collect some high temperature data. During
the recovery phase of the arctic survival experiments, subjects were
returned to well heated buildings for several days. Room temperatures
in excess of 30°C and relative humidity (R.H.) of 10 to 20% caused an
extensive respiratory water loss in these subjects,

One more experimental condition presented itself in response to the
interest of the Armed Forces in human performance at high altitudes in
the cold. Data on expired water collected at altitude would not only
be of practical importance, but would provide enough extra information
for a possible thermodynamic approach to the whole problem of respira-

tory water loss. Decreased air density, as a consequence of hypobarism,



8
alters two important thermodynamic properties of moist air: heat capa-
city per unit volume of air and heat conductivity are both changed.

The experimental design was finalized with modifications suggested
by some preliminary experimental work completed in 1964, A significant
number of men, at least five, would be tested at five different tempera-
tures and at four differemnt respiratory minute volumes at each tempera-
ture. This design would be repeated as closely as possible at some
altitude over 10,000 feet. Three determinants of the ambient environment
were coupled with two physiological parameters which could influence
respiratory water loss. The five variables to be examined were:

1. Ambient air temperature.

2, Ambient absolute humidity.

3. Respiratory tidal volume,

4, Respiratory frequency.

5. Gas density or atmospheric pressure.

The author was fortunate to have participated in a high altitude
experiment on Mount Wrangell, Alaska (13,800 ft.) and data collected in
this hypobaric enviromment are included in this report. The work com-
pleted on Mount Wrangell demanded some unusual modifications of the
original experimental design. For this reason, this report is in two
parts (I and II), Part I being variables 1 through 4 (as listed above)
examined at sea level, and Part II concerning variables 1 through &4 at
both sea level and altitude.

By limiting the experimental design to these five variables a

logical combination of experimental factors could be produced which



would yield data valid for more than one discrete variable. Several
different temperatures were chosen as the ambient environment. At
each temperature, several combinations of Vp and respiratory frequency
were to be tested. Such a design would permit multiple statistical
comparisons, thereby increasing the total information gained from the
experiment., The several combinations of statistically analyzed data
would permit at least qualitative conciusiﬁns as to the influence of

each of these five variables on respiratory water loss.



PART I
EQUIPMENT

The water content, per liter of expired air in man, is small, and
can be measured only with great difficulty. The differences, if they
exist, in the water content of the expired air of one subject at
various ventilatory rates or various ambient temperatures might barely
exceed the differences in the water content of expired air of different
subjects at the same minute volume and/or temperature. Consequently,
an investigation of the quantitative nature of these differences in
water lost in the expired air of man as a function of minute volume
and/or ambient temperature would require a very accurate and precise
method of measuring both the expired air volume and the moisture
content of that volume.

Several mechano-electronic devices which would measure the
relative humidity of each expiration were considered. Only two, the
infra-red hygrometer and the nuclear probe, were sufficiently accurate
and rapid enough to achieve the desired results, but the cost and
maintenance requirements of these devices were regarded as prohibitive.
Instead, a simple physical method was decided upon.

The principle of the system finally arrived at was that the subject
inspired air through valves in a small face mask and expired through a
container filled with water absorbent. See Figs. 1 and 2. The proper-
ties of a variety of hydroscopic agents were considered and anhydrous
magnesium perchlorate based on an exploded mica carrier was selected,

Anhydrous magnesium perchlorate on exploded mica is elegantly



Fig. 1. MASK

11



12

38NL 9NIAMa ‘¢ b4

3ivid Q43dvl



13
suited for this study because of its following characteristics:
(Appendix A)

1, The inert mica carrier affords a tremendous surface area
which allows very rapid removal of water from the air
sample and the large granule size prevents tight packing
which would impede air flow.

2. Anhydrous magnesium perchlorate is both adsorptive and
absorptive,

3. Anhydrous magnesium perchlorate will combine with 48%
of its dry weight of water and even at the levels of
32% saturation the exothermicity of the addition of the
last two molecules of water is sufficient to ensure a

satisfactory drying intensity.

The drying agent can be carefully dried and reused; 48 hours
in a vacuum oven at 110 to 120°C and 15 P,S.I, (gauge pres-
sure) proved sufficient to remove 90 to 96% of the added
water,

Several trials were performed to find the length and diameter of a
column of the drying agent necessary to remove all the moisture from
the expired air passed through the column. The choice of column length
and diameter was modified by the requirements as listed:

1. The column, drying agent and container,.must weigh 450 to

600 grams, thus allowing the weighing to be made on an
800 gram Mettler balance.
2., The column must be large enough in diameter to afford negli-

gible resistance to breathing at all ventilatory rates.
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3. The column must be easily disassembled to allow regeneration
of the drying agent.
4., The column must be air and water tight when stoppered and
must be compatible with other standard laboratory respiratory
paraphernalia.
With but little compromise of the requirements as listed, a eolumn
was finally developed which would remove the water from more than 4000
liters, standard temperature and pressure, dry (STPD), of expired air
before any water condensed in an ether-dry ice trap at the outflow end
of the column. The design of the column permitted a respiratory rate
of 80 L STPD per minute with only minimal resistance to expiration as
subjectively reported by several subjects. This column was constructed
from seven pieces of plastic. See Fig., 2. A large plastic tube 25 cm
long, with an inside diameter of 71 mm, was fitted with plastic plates
at each end. Each plate had a hole in its center into which a short
length of rigid plastic pipe was glued with epoxy resin, This pipe had
an outside diameter of 27 mm which was compatible with respiratory
tubing and valves. The pipe orifice which was flush with the plate sur-
face was covered with plastic screening glued into position. One of
the plates was exactly 71 mm in diameter and this was carefully glued
into the bottom end of the tube with epoxy cement, The second plate of
lucite, 1 cm thick, was carefully machined with a 70.9 to 71.2 mm diam-
eter tapered neck and a 79 mm flange, This plate was then fitted snugly
into the other end of the plastic tube and with the flange coyering the

rim of the tube, the tube-plate union could be sealed airtight with
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fiber glass tape. With slight tamping, about 350 grams of the drying
agent could be packed into each tube, and with rubber stoppers in the
27 mm pipes, filled and sealed, each unit weighed about 560 grams.

Each unit when assembled was tested for water and air leaks, and each
assembly could maintain a pressure differential of about +5 mm Hg
inside for 24 hours.

In preparing a tube for use a 4 x 4 gauze square was placed over
the screened pipe orifice in the bottom plate, The tube was filled
with tamped and settled drying agent, and another gauze square was
centered on the top. The flanged plate was then carefully fitted into
the top and the flange then sealed to the tube rim with fiber glass
tape. The tube was then "puff" blown to remove fine dust. A rubber
stopper was fitted into each pipe end and the unit was then suitable
for stability testing. A carefully weighed unit with rubber stoppers
tightly sealing each end, was placed in a room temperature-1007 relative
humidity chamber for 24 hours. If reweighing showed no weight gain,
the unit was deemed stable and satisfactory for use,

In actual use, each determination was performed using two such
drying units in series, the second designated as a '"trap'. If the trap
gained more than 1.00 gram (or more than 5% of the total water expired)
the primary drying unit was considered inefficient and the determination
was repeated., When any unit had gained a total of 100 or more grams of
water, it was dismantled and the drying agent was dried as described
above,

Respiratory testing equipment has to be attached to the subject

either by a mouthpiece, an oral catheter or some type of face mask.
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It was immediately apparent that a mouthpiece induces and collects a
copious and variable flow of saliva. A catheter can be used to collect
only an aliquot of the expired air, Accordingly, a small, close fitting
face mask was used, which had a dead space of 40 to 50 ml when worn.
The mask had an intake valve on each side, and an exit valve in the
center directly in line with the nose-mouth air stream. The mask
offered extremely low resistance to air flow and the valves would not
leak even during large explosive expirations. Three identical masks
were used during the experiment; an adjustable head harness used in con-
junction with the inflatable rubber rim on each mask assured a comfort-
able and airtight fit for each subject. See Fig. 1.

Even so small a dead space as that offered by these masks (40-50
ml) must be considered an experimental artifact since this volume
effectively increases the anatomical dead space by 40 to 50 ml. Each
inspiration therefore contains 40 to 50 ml of air at a higher tempera-
ture and humidity than ambient. Such an inescapable source of error
would be minor, but even this error is probably less than is immediately
apparent. Dr. H.E, Lewis of the Medical Research Council of Great
Britain has used a Schlieren lens system and cinephotography to study
the movement of warm air in the micro-climate of human subjects. These
remarkable films show.that some of the inspired air, even at large
minute volumes, comes from the warm, moist layer of air which immediate-
ly surrounds the body. In both clothed and nude subjects there is a
movement of air from about waist level upward with each inspiration.
Quantitative results have not yet been announced, but subjectively, it

seems that a good deal more than 50 ml oflinspired air are derived
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directly from the body's micro-climate.

In practical situations in the winter Arctic men wear hoods or
large collars; these form a heat exchange tunnel which warms and mois-
tens the inspired air. In the study reported here, the subjects wore
no such garment, the mask was the only external source of heat-water
exchange., Hopefully, the mask and its dead space increment afforded
a duplication of the practical respiratory pathway of a man in a cold
climate.

The experimental procedure for determining water loss in expired
air was determined by the desirability for data at low temperatures, by
.the dictates of equipment availability and by available space. The
kind cooperation of the staff at the U,S,A,F, Arctic Aeromedical
Laboratory (A,A,L.) at Fort Wainwright, Alaska, during the winter of
1964, when preliminary pilot studies were made, promptéd a return to
Alaska for the actual experiment.' Fortunately, two environmental
chambers had recently been installed at the A,A.L, and these were used
for the low temperature studies, The "boiler room'" at the A.A.L,
afforded. a climate of +35°C and 55% R.H. or less, while a "Metabolism
Room" was used as a nearly constant temperature (25°C) room where all
weighings were performed. The Arctic Aeromedical Laboratory also fur-
nished two 120 L gasometers (Tissot type), the three low resistance
masks described earlier, and several other large items of equipment,

The instrumentation for the temperature measurements of inspired
and expired air posed no difficult problem. A mercury thermometer was
not nearly sensitive enough to record the rapid fluctuations of respired

air temperature. Instead, a Yellow Springs Instrument Company model 46



18

telethermometer and three model 402 thermistor probes were used., The
probes used were recalibrated to the readout box and an accuracy of
+.07°C was attained for each probe.

All the equipment described above was thoroughly tested in the
winter of 1964-65 in Alaska. The original idea of a portable system
suitable for field work was discarded when the precision of various air
flow and/or volume meters was found to be + 40% depending on ambient
temperature and the subjects' minute volume. In order to exploit the
precision and accuracy of the water collection system, it was necessary
to use an accurate gasometer for measuring the expired air volumes.
Using such a large instrument precluded any field work in which expired
air volumes could be measured and so the whole experimental procedure

was oriented about the environmental chambers available at the A.A.L..



EXPERIMENTAL PROCEDURE
Part I of this series of experiments was performed at sea level,

using A,A,L, facilities. Seven men were chosen from a group of twenty
eight volunteers. Candidates underwent clinical respiratory lung
function tests and were then chosen on the basis of having normal,
average respiratory functions. The men selected were fit, normal

U.S. Army personnel representing a range of somatotypes and age (18 to
25 years). They had the following distribution of lung volumes and

capacities: (Appendix B)

Tidal Volume 0.536 to 0,942 L
Inspiratory Reserve Volume 1,6 to 2,2 L
Expiratory Reserve Volume 1.2 to 2.2 L
Vital Capacity 4,2 to 5.6 L
Maximum Breathing Capacity 105 to 185 L/min.
Resting Rate 400 to 700 cc 0, STPD/min.

(rest but not basal)

A total of 364 determinations was performed on these seven sub-
jects. There was a minimum of two determinations on each subject at
each set of experimental conditioms.

Most of the literature cited in this report lists data for res-

piratory water loss measured while the subjects were at rest in a com-
for;abie room, The questions around which this experiment was designed,
however, required data for water loss in very low ambient temperatures
and in very hot, dry environments. (The Alaskan Arctic offers these

two extremes; buildings are heated to unbearably warm temperatures.)

Consequently, the following environmental conditions were adopted:
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+35°C with relative humidity of 55% or less, +5°C, -6°C, -24°c, -35°C.
The low temperatures had unspecified humidity conditions, since even
100% relative humidity (R.H.) at these temperatures is still a very low
absolute humidity (A.H.); for example, the A,H. of saturated air at
-20°C is 0.54 mg water/L STPD, The preliminary work done in 1964
suggested a critical point or change in rate of respiratory water loss
at or near 0°C, hence the +5°C and -6°C temperatures.

The environmental chambers used were not absolutely stable and
each chosen temperature-;a¥ied by as much as 8°C. At the very low
temperatures -20°C and -40°C the mere entrance and occupancy by the
subject would cause the chamber temperature to increase 2° to 4°C.

Minute ventilation was recorded for each subject at each of the
following work conditions:

1. '"Rest" where the subject sat quietly and respired at his

normal resting frequency and tidal volume.

2, Sixty-seven watt load on a bicycle ergometer. This unfortu-
nately was not a constant since increased viscosity of the
lubricant made the bicycle ergometer difficult to pedal at
very low temperatures. This 67 watt load was adjusted to
produce nearly isoergometric loads at each temperature.

3. One hundred watt load on the bicycle ergometer. This too was
varied depending on the temperature.

4, M,B,C,, maximum breathing capacity, was performed with the
subject standing in the environmental chamber and voluntarily
respiring as large a minﬁte volume as possible, Neither

tidal volume nor frequency were controlled,
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Each task produced a wide range of respiratory minute volumes and
the M,B.C. gave an even greater dispersion of data, This extreme
spread of minute volumes produced a continuum of data from "Rest" to
M.B.C, with a considerable overlap of minute volumes in the 67 and 100
watt categories, The significance of this continuum of data is dis-
cussed further under Data Processing and Data and Graphic Analysis:
Individual Subject Response.

The same procedure was used for all experimental determinations,
regardless of the ambient conditions. Two drying agent units with
stoppers and tubing were listed by number, weighed and 'weight ini-
tial" recorded for each. The mask, complete with harness and connec~
ting tubing was also weighed and the weight recorded. All weighings
were performed in a room of nearly constant temperature, 25°C., The
subject, appropriately clothed for the experimental enviromment, was
led into the environmental chamber., While the apparatus was being
connected the subject stood at ease, thus permitting a short "adap-
tation'" time. The two drying units were unstoppered and joined to-
gether by a short 15 to 25 cm piece of hose. The primary drying unit
was attached to the face mask hose and the secondary drying unit or
"trap" was attached to a hose which lead to a gasometer. The mask
was handed to the subject while the experimenter withdrew from the
room to record room temperature, atmospheric pressure, initial gasom-
eter readings and time. At the ''go'" signal, a timer was activated,
the gasometer valve was opened, and the subject, while holding his
breath, fitted the mask to his face, tested for leaks, and then started

breathing and performing the proper task, i.e., resting in a chair,
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pedaling the bicycle ergometer at various watt loads or performing the
maximum breathing capacity maneuver, standing.

The subjects were instructed to breath normally through the mouth
and/or nose. It was noted that they expired nasally at resting rates
but mixed nasal and oral breathing under work loads and at M.B.C, The
expired air flowed from the mask through a short hose (20-30 em) into
the first drying unit. At least 97% of the water was removed from the
expired air by this first tube. The air then passed through another
short section of tubing (15-25 cm long) and then through the "trap"
where the final trace of moisture was removed. The air finally flowed
through a length of hosing to the outside of the constant temperature
room and into the 3-way wvalve which piped it into one or the other of
two 120 liter gasometers. (Fig. 3).

Dependent on the workload and stamina of the subject, one or both
gasometers were filled and the subject was halted. While the subject
held his breath, the gasometer inlet valve was closed and the.timer
was stopped. The experimenter immediately entered the environmental
chamber, removed the mask from the subject and disconnected the two
drying units. The drying units were immediately stoppered, and the
mask-valve assembly was immediately weighed. The drying units were
set aside to equilibrate to weighing room temperature (2500) to remove
condensation on the outside of the tube. The experimenter then re-
corded the final gasometer readings. When the drying units reached
room temperature, they were reweighed and 'weight final" was recorded.

Using the U.S.A.F, Arctic Aeromedical Laboratory facilities as

previously described, the boiler room was found to have a temperature
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of +359C + 2°C and a relative humidity of 38.5 to 52%. A bicycle
ergometer graduated in watts was placed in the boiler room along with
all the other necessary equipment, All weighings were performed in
the 25°C metabolism room described previously.

At rest, each subject sat quietly in a chair, wearing summer
street clothing (cotton trousers, short sleeved cotton shirt). fhe
subjects averaged 7.3 liters STPD per minute respiration and frequency
varied from 16 to 25 respirations per minute, No subjects showed any
signs of visible perspiration at rest but the 67 and 100 watt loads on
the ergometer and the M,B,C., maneuver produced visible sweating.
Caution in handling all the masks and drying tubes prevented any addi-
tion of sweat to the respiratory water loss apparatus.

All other ambient temperatures were maintained in one or both of
the available environmental chambers. Each chamber had a slot through
which the respiratory hose led to the gasometers (Fig. 3). The inves-
tigator could watch each subject through a glass window and give the
appropriate hand signals to start and stop each determination. The
subjects were given clothing suited to each temperature and had a few
minutes to become accustomed to temperature before each determination
was started. Room temperatures were recorded both from a mercury
thermometer hanging above the site of the determination and from the
Honeywell temperature controlling unit located outside the environmental
rooms.

The experimental conditions in each environmental chamber can be
summarized as follows:

1. Room temperature set at 5°C, varied from 3% to 6°C. The
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measured relative humidity (R,H,) varied 90 to 100%, depen&iﬁg on the
instrument used (sling psychrometer or hair hydrograph). Bicycle
ergometer was readjusted to 50 watts, and 75 to 80 watt loads to
compensate for 'cold stiffness'. Subjects wore a long sleeve cotton
shirt over summer street clothes,

2. Room temperature set at -5°C varied from -6° to -11°C. R.H.
measured was 83 to 100%. A sling psychrometer did not give repro-
ducible readings at these temperatures; a hair hydrograph varied
83 to 1007% R.H., Bicycle ergometer was readjusted to 35 to 40 watts
and 70 to 75 watts. Subjects wore a cotton parka shell over street
clothes, hood of parka removed.

3. Room temperature set at -22°C varied from -18° to -24°C.

No R.H, measurements possible, assumed 100% R.,H, Bicycle ergometer
set at 30 and 60 watts. Subjects wore gloves, and a lined parka over
street clothes but no hat or hood was permitted.

4. Room temperature set to -40°C but varied from -27° to -36°C
and would never maintain -40°C, R.H. was assumed to be 100% (i.e.,
vapor pressure of ice in contact with air). Bicycle ergometer was
adjusted to 6 to 10 watts and 20 to 30 watts for the work loads. Sub-
jects wore a pile lined parka and wool lined gloves with street clothes,
again no hood or hat was permitted.

At the -22° and -35°C temperatures subjects reported feeling
chilled while at rest. The sessions on the ergometer, approximately
three minutes, produced no visible sweat.

Ideally the respired air temperatures should have been measured

concurrently with the collection of the expired air volumes. A thermis-
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tor permanently mounted in the respiration mask of air hose was of
limited use since water condensation or contact with the skin or mask
surface would invalidate all temperature readings. The air which
remained in the water collection system between each expiration was
much warmer than normal expirate due to the exothermicity of the
water absorption reaction. This unavoidable heating was fortunate
since it prevented water condensation in that part of the system
which did not contain a drying agent, but this same heating precluded
any reliable air temperature measurements.

Since the temperature measurements were considered only secondary
to the water collection work, and only comparative, not absolute values
were required, it was decided to measure the air temperatures separately
from the water collection procedure.

At each temperature the following procedure was followed. Each
subject, wearing the same apparel worn during the water loss experi-
ment, put on the same respiratory mask (as described previously) and
fitted it correctly. This mask then had one thermistor inserted into
the outlet valve and another inserted directly inside one of the intake
valves. These temperature probes were fixed in place so that no contact
existed between the probe and the skin, the mask or the valve, The
subject then respired at the four different rates, i.e., Rest, on the
ergometer at 67 and 100 watts or equivalent, and M,B,C. The temperatures
were recorded for 2 minutes, at which time both probes were checked for
condensed water on their surface., If no moisture had condensed on the
probe the measurements were considered valid, otherwise the temperature

measurement was repeated,
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At each temperature and ventilatory volume, the subject repeated
the temperature measurement with the probe held into the nasal or oral
cavity. A probe was inserted about 1 to 3 mm into the external nares
or about 10 mm behind the 1lips of the mouth. In no case was the
thermistor allowed to touch the skin and any condensation of water on
the probe invalidated the reading.

These two methods of recording temperature gave different results,
as would be expected. The results obtained with the probes fixed in
the mask by the inlet and outlet valves, were reproducible and nearly
equal for all men. The results collected with the thermistor probe in
the oral or nasal airway were about 2° to 4°¢ higher than those collect-
ed in the mask but were also widely fluctuating and unreproducible,
Parenthetically, it was noted that air near the sides or roof of the
mouth has a different temperature than that in the center., Furthermore,
the cooling gradient from the mouth outward changed exponentially, i.e.,
each unit change in distance from the mouth produced a constant percent
change in gas temperature between the limits of 37°C and ambient temper-
ature,

To decrease the variability between measurements and between sub-
jects it was decided to rely upon the gas temperature measurementé taken
inside the mask near the valves. These values are recorded in Tables I

through V, XVII and elsewhere,



DATA PROCESSING AND RESULTS

The data as collected during each experimental determination were
entered on to a prepared sheet. See Appendix C. After the work was
completed these raw data were transposed in Fortran on to cards which
were submitted to an IBM 7040 computer. The computer was programmed
to apply all the necessary corrections to reduce all gas volumes to
standard temperature and pressure, dry (STPD), and to print out the
following pertinent data:

1. Total volume expired air, liters STPD (L STPD)

2. Minute Volume, liters STPD per minute (L STPD/min.)

3. Water content, milligrams water per liter STPD (mg water/L STPD)

4, Minute water, milligrams water expired per minute

(mg water/min.)

Date, work load, temperature, name of subject, R,H, and a code
number were also recorded. These data were then keyed on to another
set of cards which permitted the various statistical analyses to be
carried out by the computer as programmed. Means were derived for the
four quantities listed above at each temperature - minute volume set.

The statistical procedures used to analyze the data in this report
are standard. Nevertheless, careful consideration was given to the
choice of analytical methods used. By programming the computer first
to reduce all the data to standard forms with means for_individuals
and temperature - work loads, it was possible to survey the data and
decide on the method of subsequent analysis. }n light of the practical
nature of this work coupled with the invé;tigation of five determinants

of expired water, it was decided to treat each determinant as a separate
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and linear function, rather than subject one 5 parameter, curvilinear
function to an elaborate analysis of variance. This treatment of data
reduced the complexity of the resultant charts and graphs, but the
application of such unsophisticated statistical procedures failed to
show the maximum differences between the effects of each determinant
of expired water. No "individual variance" corrections were applied
to the data for each man and consequently, each subject is presented
as an extremely variable set of points in the continuum of mean data,
To introduce this individual variability, the mean response of each
man in each experimental environment is presented in Tables 1 through
V. These tables are derived from the following procedure foxr each

man under each set of experimental conditions:

Subject R,F, 35°% 67 watt ergometric test
Minute Volume Expired Water
L STPD/min. mg/L STPD mg/min,

Trial 1 24,95 41.42 1033.33

Trial 2 21.76 31.88 693.75

Trial 3 17.03 39.63 675.00

Means 21.25 37.64 800,69

These three means are listed along with respired air temperature
means under subject R,F, 35°C 67 watts in Taﬁle I. Identically derived
mean values are used to plot the graphic series, Figures 7 through 13,

Perhaps better than the tabular means, the graph of mean values
of expired water versus minute volume for each subject at each of the
five temperatures will display the unique and the common elements of
the several subjects, These graphs of the individual data are presented
after the statistically derived mean responses are shown; only after

each determinant of expired water has been quantified and examined
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can the individual variations from the mean be explained. Of specific
importance is the fact that 3/7 of the population examined in this
experiment, display a nearly ''ideal" (mean) response to the experi-
mental parameters, while 4/7 of the population comprise the extremes
of the data distribution.

The corrected data shown in Tables I through V were listed on IBM
cards and these cards were the permanent source deck for statistical
analyses performed by the computer. A standard regression analysis
produced a regression (linear) equation for each temperature-minute
volume set and the significance of fhe slope of that equation was
found with a "T test'". Various other 'T tests" and correlations were
also performed. The several statistical procedures yielded the following
types of information as found in Tables VI through X:

The regression equation is given as:

Y =DbX + i

Y = mg water/L STPD (dependent variable)

b = slope of the line

X = liters STPD/minute ventilation (independent variable)

i = intercept where X = 0

Each equation is pertinent only over the range of minute venti-
lation slated. '"Y" is the mean water content of the expirate, mg
water/L STPD. "X'" refers to the mean minute ventilation, L STPD/min.
"P'" is the probability of the slope of the regression line being equal
to zero (P = .05 or less means the slope is not zero).

This P is the resultant of Student's 'T test".

For each set of data, X (min. vol.) is varied by 10 L STPD/min.
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TABLE I. AVERAGE DATA FOR EACH MAN AT SEA LEVEL AT 35°C

Min, Vol, Expired Water Air Temperature, °c
Subject I STPD/min. mg/L STPD mg/min, Inspirate Expirate

Rest
R.F, 7.64 40.33 307.69 31.30 31.10
H.H, 10.22 40,27 409,26 30.15 31.40
G.M, 7.54 37.93 285,90 31.00 32.95
J.M, 9.04 35.94 324,93 32,70 33.10
BN, 4,75 35.87 169.14 32,95 32.20
C.0. 6.82 38.23 262,12 32.80 33.10
W.S. 5,72 35,13 201,19 31,70 31.40
67 watts
R.F, 21,25 37.64 800,69 32,00 31.35
H.H. 22,34 36.92 830,00 30.70 31.30
G.M, 32,79 41,93 1376.36 31.95 33.15
J.M. 34.90 38.71 1350,00. 32.60 33.40
B.N. 23.00 39.74 912,50 32.50 32.40
Cc.0. 23.03 38.02 877.20 33.00 33.20
W.S. 32.53 37.81 1232,86 31.90 32.25
100 watts
R.F. 31.13 39.33 1222,58 32,10 31.45
H.H, 30.88 33.36 1031,67 31.00 31.20
G.M. 43.20 38,01 1634,17 32.60 33.25
J.M. 42,10 39.88 2522.,79 32.60 33.60
B.N. 29.03 39.55 1144 ,31 32,15 32,50
c.0, 22.38 36.41 811,47 32,95 33.30
W.S. 18,40 36.09 663,78 32.10 31.30
M.B,.C.
R.F. 54,01 34,73 1877.14 32.45 31.70
H.H. 57.46 36.41 2091,67 31.70 31.40
G.M. 33.45 39.80 1319.35 32.85 33.20
J .M, 79.48 33.16 2638,70 32.45 33.20
B.N, 40,23 40.75 1651,18 32,15 32,40
Cc.0. 48,29 36.39 1756.,01 33.05 33.40
W.S. 35.10 32,68 1140.49 32.00 31.45
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TABLE II. AVERAGE DATA FOR EACH MAN AT SEA LEVEL AT 5°C

Min. Vol. Expired Water Air Temperature, ©C
Subject L STPD/min. mg/L STPD mg/min. Inspirate Expirate
Rest
R.F. 6.28 30.40 192.81 22,30 26.25
H.H. 5.79 32,55 188.74 - - - -
G.M, 9.63 31.56 304,65 27.20 25,95
J.M. 9.43 31.06 292,84 24,50 26.30
B.N. 5.55 31.43 171.28 24.30 26.30
C.0. 9.21 38.39 352.45 23.30 27.05
W.S. 6.18 28.66 175.67 27.00 26.55
67 watts
R.F. 28.87 31.43 904,53 22.65 27.00
H.H. 25.74 32.53 840.56 - - - -
G.M. 29.05 30.26 880.56 27.40 27.85
J.M. 26.16 30.35 793.59 25,00 27.95
B.N. 40.22 33.36 1340.97 22.90 25,55
C.0. 18.93 34.16 644,97 23.50 27.55
W.S. 25.14 28.75 722,86 27.00 25.95
100 watts
R.F, 40,85 32.64 1322.22 20.70 27.45
H.H. 31.06 31.44 976.67 - - - -
G.M, 42,32 30.75 1301.25 21.55 28.45
J.M. 41,85 33.92 1418.75 24.80 27.30
B.N. 48.36 33.53 1621.33 19.85 25.65
C.0. 27.83 33.08 920.00 20.75 27.60
W.S. 41.16 24,07 990.00 24,95 26.05
M.B.C.
R.F, 48.16 31.01 1485.71 16.20 26.80
H.H. 71.38 29.38 2103.78 - - - -
G.M, 46.75 29.96 1393.69 22,05 27.90
J.M. 67.25 28.86 1942.22 20.90 27.95
B.N, 53.14 29.17 1549,23 19.05 25,70
C.0. 57.60 27.9% 1608.33 19.40 27.20
W.S. 33.06 22.69 753.33 24.70 26.25
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TABLE III. AVERAGE DATA FOR EACH MAN AT SEA LEVEL AT -6°C

Min. Vol. Expired Water Air Temperature, °C
Subject L STPD/min. mg/L STFD mg/min. Inspirate Expirate
Rest
R.F. 8.79 31.54 273.42 20.95 25.85
H.H. 7.01 24,90 174.73 20.55 23.95
G.M. 8.64 29.15 251,58 21.80 25.30
J.M. 8.72 28,81 251,33 21.00 24,25
B.N. 11.64 28.11 328.46 20.45 26.05
C.0. 11.55 37.29 432.68 20.95 27.10
W.S. 5.59 33.96 190.00 23.20 24,55
67 watts
R.F. 31.50 32,91 1040.46 21,65 26,00
H.H. 27.85 31.03 867.57 20.70 23.35
G.M. 30.60 34.97 1076.25 20.90 26.85
J.M. 32.54 32.66 1062.56 20.70 26.45
B.N. 38.83 34,68 1342,27 18.60 26.85
c.0. 23.13 36.14 829.34 20.65 27.10
W.S. =~ 26.44 27.73 730.83 22,45 24,70
100 watts
R.F. 36.39 35.23 1281.07 20.10 26.50
H.H. 32.56 37.81 1231.67 20.05 22.80
G.M. 42,53 33.00 1404.37 19.40 26.35
J.M. 42,07 31.89 1341.42 21.20 27.40
B.N. 56.42 32.41 1828.33 16.75 26.65
C.0. 30.14 33.40 1006.67 20.20 26,60
W.S. 34,46 27.80 958.00 21.40 24,40
M.B.C.
R.F. 44,53 28.28 1255.56 15.60 25,75
H.H. 78.88 28,21 2186.67 17.25 25,60
G.M. 53.07 28.95 1536.15 17.70 26.45
J.M. 67.50 28.59 1908.06 . 19,65 23.90
B.N. 46,14 31.53 1449,23 16.05 26,00
C.0. 51.04 28.00 1444,13 17.40 26.40
W.S. 26.75 24,20 646,90 18.40 23,60
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TABLE 1IV. AVERAGE DATA FOR EACH MAN AT SEA LEVEL AT -24°C

Min. Vol. Expired Water Air Temperature, ©C
Subject L STPD/min. mg/L STPD mg/min. Inspirate  Expirate
Rest
R.F. 7.43 32.16 238.59 18.65 18.70
H.H, 8.54 27.48 236.78 19.60 22.50
G.M. 7.83 31.35 | 245,20 18.15 24,35
J.M, 11.12 28.49 319.06 18.90 17.40
B.N. 8.48 34.02 288.83 16.30 25.20
C.0. 8.93 38.84 345,27 - 20.00 25.30
W.S. 6.62 22,17 146,69 23.65 20.30
67 watts
R.F, 33.25 33.54 1112.95 15.70 21.60
H.H. 27.61 28.44 786.22 19.30 22.75
G.M. 29,53 30.86 915,14 14.70 . 25,05
J.M, 31.86 31.01 986.84 12.20 21.40
B.N. 31.30 33,06 1031.25 12,70 26.20
c.0. 18.89 34,33 644 .99 16.30 25.60
W.S. 37.41 27.50 1028.06 20.30 20.60
100 watts
R.F. 38.80 31.74 1232,35 12,30 22,30
H.H. 35.37 28.52 1017.36 17.10 22,70
G.M. 39.42 31.20 1233.00 13.70 24,25
J.M. 42,88 30.50 1300.00 11.20 21.60
B.N., 48.33 © 31.36 1515.95 10.30 26.00
c.0. 29.28 33.59 972.17 19.85 25,70
W.S. 39.78 22,18 880.78 19.30 20.60
M.B.C.
R.F. 59.35 30.86 1818.60 12.30 21.00
H.H. 75.84 28.41 2144,67 12,40 24,60
G.M. 38.08 30.59 1163.33 13,00 24,05
J.M, 72.80 26.02 1893.27 7.15 21.90
B.N. 49,04 31.03 1523.08 10.05 24,60
C.0. 50.95 27.73 1389.27 15.20 25.90
W.S. 38.09 27.92 1055.83 17.95 20.70
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TABLE V, AVERAGE DATA FOR EACH MAN AT SEA LEVEL AT -35%

Min. Vol. Expired Water Air Temperature, ©C
Subject L STPD/min. mg/L STPD mg/min. Inspirate Expirate
Rest
R.F. 8.63 28.97 250.00 15.45 24,10
H.H. 7.67 34.93 264..68 - - - -
G.M. 8.39 28.04 233.92 19.00 20.00
J.M. 9.17 33.00 301.54 20.15 20.10
B.N. 9.16 33.43 302.60 17.15 18.60
C.0. 9.42 37.23 346.28 18.60 20.45
W.S. 5.55 23.58 131.28 15,50 21,65
67 watts
R.F. 33.05 31.63 1046.00 16.55 24,40
H.H. 25.87 32.03 824,60 - - - -
G.M. 30.26 31.19 943,00 15.05 20.40
J.M, 36.08 29.37 1060.00 19,75 21.50
B.N. 37.34 29.41 1097.78 9.50 19.90
C.0. 19.41 39.59 768.00 19.00 22.45
W.S. 25.88 27.40 715.00 14.35 22.15
100 watts
R.F. 41,16 29.04 1191.25 15.90 24,55
H.H, 40.01 26.23 1045.00 - - - -
G.M, 39.48 28.81 1137.50 12,70 21,00
J.M. 40,37 31.47 1267.50 19.15 20,90
B.N, 50.97 38.96 1986.67 7.15 20.15
C.0. 21.76 40.01 872.22 18.55 23.75
W.S. 38.98 26.28 1022.01 13.05 22.30
M.B.C,
R.F. 44,12 29,66 1305.00 9.15 24,60
H.H, 55.30 27.32 1513.00 - - - -
G.M. 47.58 27.77 1323.75 8.10 22.80
J.M, 69.65 26.84 1847.50 6.10 20.60
B.N. 55.31 26.25 1447.78 7.30 20.10
C.0. 57.35 23.77 1363.33 7.50 23.20
W.S. 32.84 20.58 669.36 11.65 21.60
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and at each X is listed the value of Y (mg water/L STPD) + the 95%-
confidence interval estimate (Y interval). These data as derived
for each ambient temperature are presented in Tables VI through X.

The correlations and 'T test" statistics are presented in Table
XI. First each set of data (temperature and minute ventilation) has
minute ventilation correlated with minute water loss, i.e., mg water/
min, versus L STPD/min. These values are listed as ''r min."' Next
each data set was tested for correlations between minute ventilation
and water content per liter of expirate, i.e., mg water/L STPD versus
L STPD/min. These data are recorded under '"r Liter"' Finally each data
set was subjected to Student's "T test" for complete saturation with
water at 37°C. P sat.” heads the column of probabilities of complete
saturation, P less than 0.00l means the expirate considered is defi-
nitely not saturated.
;;nélly each set of data was compared with every other set of
data for significant differences in water content of expired air.
These results are listed in Tables XII through XVI., 'ND" means no
significant difference exists, '"SD" (significant difference) means
there is a difference at the .05 to .00l level of probability. '"VSD"
(very significant difference) indicates a probability of less than
.001, An SD or VSD notation therefore represents decidedly different
amounts of expired water in the two categories compared.

Tables XII through XVI compare all minute ventilations at one tem-
perature (horizontal) with all other temperature and minute ventilation

rates (vertical). The abbreviations represented here are used in an

identical manner throughout the remainder of this report.
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"Rest" is the resting rate (not basal) of minute ventilationm,

"67 watts" indicates a 67 watt or equivalent load on the bicycle

ergometer,

"100 watts" indicates a 100 watt or equivalent load on the

bicycle ergometer,

"Combined Work'" heads the combined data from both ergometric tasks.

'"™M.B.C," represents the maximum breathing capacity.

It is important to note here that the raw data were collected for
only 4 different minute ventilatory rates. Rest, 67 watts or equivalent
load on the bicycle ergometer, 100 watts or equivalent load, and maxi-
mum breathing capacity. After the regression analysis was performed on
the data for each temperature-work load set, it was found that there
was an overlap of minute volumes produced by the two ergometric tasks.
Some subjects had a minute volume at the 67 watt load that actually
exceeded the minute volume of other subjects at a 100 watt 1oad.- It
was found that the water expired during either of the ergometric tasks
was essentially equal at equal minute ventilations. If, during an
M,B.C, period, the subject '"relaxed" and produced a minute volume that
was as low as those produced during the ergometric tasks, it was found
that expired water during this M,B.C, was within the range (95% confi-
dence interval) of water expired during the ergometer sessions. Data
for individual subjects show few exceptions to this finding of nearly
equal expired water at equal minute volumes regardless of the task or
maneuver, To facilitate handling of the large mass of data a ""Combined
Work" category was arbitrarily designated which included all of the 67

and 100 watt work loads and even some data from any M.B,C. which fell
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into the minute volume range of the 67 and 100 watt data, Combined Work
therefore represents all the minute volumes which lie between Rest and
M,B.C. The linear equation derived from this data should prove more use-
ful than that of the two (67 and 100 watts) data sets derived as separate
entities, In actual practice any gféup of subjects will show overlapping
responses when presented with 2 graded tasks; to achieve any meaningful
description of the process the whole continuum of responses must be
considered,

In the following discussion of data there are several points
which must be established. Water expired or water content of the expi-
rate always means the amount of water actually measured in the expired
air, usually given as mg water/L STPD., Water loss refers to the net
amount of water lost by the body in expired air. It is derived from
expired water minus inspired water and requires a knowledge of ambient
AH, as well as measured expired water. This too is reported as mg
water/L STPD but more often appears as mg water/min.

The collection of individual data did not include a count of res-
piratory frequency during each determination. Consequently, it is
impossible to present a graph or equation which relates expired water
to Vi or frequency. Even if sufficient data were available, the analy-
sis and discussion of four dimensional determinants of expired water at
each temperature would be nearly impossible, Minute volume is an im-
portant determinant of expired water and only when Vp or frequency is
extreme does either have an individual effect on expired water. The
points where V, or frequency exert a unique influence will be discussed

T

separately, in all other cases only minute volume will be discussed as a



L STPD/
min.

X

10
20

10
20
30
40
50

10
20
30
40
50

10
20
30
40
50

20
30
40
50
60
70
80
90

mg Water/ mg Water/
L STPD L STPD
Y Y interval
Rest 3-12 L STPD/min.
34,65 + 8.75
38.53 ¥ 7.30
42.41 ¥11.59
67 watts 15-44 I, STPD/min.
37.05 + 6.39
37.86 ¥ 5.76
38.66 ¥ 5.63
39.46 ¥ 6.03
40,27 + 6,87
100 watts 18-45 L STPD/min.
36.64 + 7.20
37.16 ¥ 6.51
37.69 ¥ 6.21
38,22 ¥ 6.37
38,74 T 6.9
Combined work 15-45 L STPD/min.
37.51 + 7.24
37.75 ¥ 6.93
37.98 ¥ 6.81
38,22 ¥ 6.97
38.45 ¥ 7.19
M.B.C. 23-85 L STPD/min.
38.83 + 8.88
38.00 ¥ 8.58
37.16 + 8.41
36.32 + 8.38
35.48 T 8.49
34,64 ¥ 8.72
33.80 ¥ 9.08
32,96 ¥ 9.55

TABLE VI.

35°C AMBIENT TEMPERATURE

REGRESSION EQUATIONS

Equation

n=

0.3881 X + 34.65
7.26

37.46

20

0.0804 X + 36.25
27.45

38.46

19

0.0525 X + 36.11
31.62

37.78

17

0.0236 X + 37.28
30.68

38.00

47

0.0839 X + 40.51
47.33

36.54

22

39

Significance
of Slope b

0.25

0.30

0.50

0.70

0.12



L STPD/
min,
X

10
20

10
20
30
40
50

20
30
40
50

10
20
30
40
50

20
30
40
50
60
70
80
20
100

TABLE VII.

5°C AMBIENT TEMPERATURE

REGRESSION EQUATIONS

mg Water/ mg Water/
1, STPD L STPD
Y Y interval
Rest 4-12 L STPD/min.
29.20 +14.72
34.00 ¥12.46
38.80 +18.77
67 watts 16-42 1 STPD/min.
32.11 + 6.29
31.86 + 5.43
31.61 + 5.26
31.37 + 5.84
31.12 + 6.99
100 watts 29-49 L STPD/min.
34,32 +10.52
33.21 + 8.93
31.00 + 8.49
29,89 + 9.35
Combined work 16-49 L STPD/min.
32.34 + 7.79
31.72 + 7.34
31.09 + 7.12
30.46 + 7.18
29.84 + 7.49
M.B.C., 27-96 L STPD/min.
26.44 + 6.76
27.06 + 6.35
27.68 + 6.06
28.30 + 5.91
28.92 + 5.92
29.54 + 6.08
30.16 + 6.38
30.78 + 6.80
31.40 + 7.33

Equation

Lo

Significance

of Slope b

0.4799 X + 29.20
7.37

32.74

21

-0.0247 X + 32.35
27.18

31.68

17

P=

-0.1107 X + 35.42
38.35

31.18

13

P=

-0.0626 X + 32.97
33,03

30.90

35

P=

0.0620 X + 25.20
54.55

28.58

16

P=

0.40

0.80

0.6

0.36

0.20



1L STPD/
min.
X

10
20

20
30
40
50

30
40
50
60

20
30
40
50
60

20
30
40
50
60
70
80
90
100

mg Water/ mg Water/
L. STPD L STPD
Y Y interval
Rest 5-17 L STPD/min.
27.89 +12.65
30.97 ¥10.27
34.06 ¥13.83
67 watts 25-44 1, STPD/min.
32.81 +7.76
33.23 ¥ 7.15
33.64 + 7.60
34.05 ¥ 8.9
100 watts 30-58 L STPD/min.
33,60 + 9.15
32.98 ¥ 8.76
32.37 ¥ 9.18
31.75 ¥10.30
Combined work 25-58 I, STPD/min.
33.15 + 8.28
32.43 ¥ 8.05
31.71 ¥ 8.00
30.99 ¥ 8.12
30.27 T 8.41
M.B.C. 23-92 L STPD/min.
28.70 - + 7.83
28.67 ¥ 7.46
28.64 * 7.21
28.61 ¥ 7.10
28.58 ¥ 7.13
28.56 ¥ 7.30
28.53 ¥ 7.60
28.50 ¥ 8.01
28.47 ¥ 8.52

TABLE VIII,

-6°C AMBIENT TEMPERATURE

REGRESSION EQUATIONS

Equation

_Y-=
§=
Y=
n=

L1

Significance

oﬁ ﬁlope b

0.3085 X + 27.89
8.88 P=
30.63

19

0.0413 X + 31.99
30.78 P=
33.26

18

-0.0618 X + 35.45
39,78

33.00

17

P=

-0.0721 X + 34.59
37.98

31.86

49

P=

-0.0029 X + 28.76
52.93 P=
28.60

20

0.45

0.75

0.60

0.20

0.90



L STPD/
min.

X

10
20

10
20
30
40

20
30
40
50
60

10
20
30
40
50
60

30
40
50
60
70
80
90

TABLE IX.

-24°C AMBIENT TEMPERATURE

REGRESSION EQUATIONS

Lo

mg Water/ mg Water/ Equation Significance
L STPD L STPD of Slope b
Y Y interval
Rest 6-12 L STPD/min.
21.12 +20.04 Y= 1.1157 X + 21.12
32,28 +12.85 X= 8.35 P= 0.29
43.44 + 25.18 = 30.44
= 17
67 watts 15-40 L. STPD/min.
34.60 + 6.9 Y= -0.1460 X + 36.06
33.14 ¥ 6.11 X= 29.89 P= 0.12
31.68 + 5.81 = 31.69
30.22 ¥ 6.12 = 20
100 watts 23-54 L STPD/min.
32.52 + 9.88 Y= -0.1174 X + 34.87
31.34 + 8.74 X= 39.51 P= 0.32
30.17 ¥ 8.35 = 30.23
29.00 + 8.82 n= 18
27.82 +10.03
Combined work 15.54 L STPD/min.
33.85 + 7.46 Y= -0.1147 X + 35.00
32.70 + 7.08 X= 36.34 P= 0.049
31.55 T+ 6.88 Y= 30.83
30.41 + 6.85 n= 50
29.26 ¥ 7.01
28.11 T 7.34
M.B.C. 38-86 L STPD/min.
30.78 + 8.23 ¥= -0.0781 X + 33.12
30.00 ¥ 7.96 X= 54.98 P= 0.15
29.22 ¥ 7.82 = 28.83
28.44 T 7.9 n= 23
27.65 ¥ 8.23
26.87 ¥ 8.62
26.09 + 9.70



L STPD/
min.

X

10
20

10
20
30
40

20
30
40
50
60

10
20
30
40
50
60

30
40
50
60
70
80
90

mg Water/ mg Water/
L STPD L STPD
Y Y interval
Rest 4.5-12 L STPD/min.
2450 +16.43
32.37 F11.21
40,24 ¥20.73
67 watts 18-39 L STPD/min.
38.68 + 9.30
35,01 ¥ 7.78
31.35 + 7.26
27.68 ¥ 7.91
100 watts 19-52 L STPD/min.
35.95 +15.68
33.60 ¥13.91
31.25 +12.81
28.90 ¥13.18
26.55 +14.59
Combined work 18-52 L STPD/min.
35,24 +11.75
33,33 ¥11.13
31.42 ¥10.79
29.51 ¥10.78
27.60 ¥11.09
25.69 ¥11.70
M.B.C. 30-83 L STPD/min.
24,24 + 8.86
24, 94 ¥ 8.39
25.65 ¥ 8.22
26.35 T 8.35
27.05 ¥ 8.77
27.75 ¥ 9.44
28.46 $10.32

TABLE X.

-35°C AMBIENT TEMPERATURE

REGRESSION EQUATIONS

Equation

43

Significance

of Slope b

0.7870 X + 24.501
8.22 P=
30.97

20

-0.3664 X + 42.34
29.45 P
31.55

15

-0.2350 X + 40.65
37.89 P=
31.74

16

-0.1909 X + 37.15
35.32 P=
30.40

39

0.0703 X + 22.13
50.78 P=
25.70

16

0.20

0.0198

0.15

0.05

0.34



TABLE XI. STATISTICS: SEA LEVEL VARIOUS AMBIENT CONDITIONS

All Minute
+35°

+59¢C

-6°¢

-24°¢
-35%

min.

T Liter

sat.

r .
Volumes min.

0.9853
0.9162
0.9873
0.9431
0.9061

correlates minute volume of
expired per minute.

correlates mg water per liter STPD of expired air with
liters STPD of air expired per minute.

is the probability of the expired air being saturated
with water at 37°C (resultant of "T test" for difference

x Liter

-0.1212
-0.2891
-0.1128
-0.2385
-0.3065

P
sat,

P< 0.001
P< 0.001
P<0.001
P< 0.001
P< 0.001

expired air with water

44

between observed water content and 43.76 mg water/L STPD;

100% R.H. at 37°C).
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TABLE XII, WATER CONTENT OF EXPIRATE AT 35°C AMBIENT
COMPARED TO OTHER AMBIENT CONDITIONS

Rest at 35°C compared to:

Rest 67 Watts 100 Watts Combined M.B.C,
Work
-35°¢c  vsD -35°¢c  vsD -35°c  vsSD -35°C  VSD -35°C  VSD
=24 VSD 24 VSD -24 VSD -24 VSD -24 VSD
-6 VsD -6 VSD -6 VSD -6 VSD -6 VsSD
+5 VSD +5 VSD +5 VSD +5 VSD +5 VSD
+35 same  +35 ND +35 ND +35 ND +35 ND
67 watts at 35°C compared to:
Rest 67 Watts 100 Watts Combined M,.B.C,
Work
-35 VSD -35 VSD -35 VSD -35 VSD -35 VSD
-24 VsD 24 VSD -24 VsD =24 VsD -24 VsD
-6 VSD -6 VSD -6 VSD -6 VSD -6 VSD
+5 VSD +5 VSD +5 VSD +5 VSD +5 VSD
+35 ND +35 same  +35 ND +35 ND +35 ND
100 watts at 35°C compared to:

Rest 67 Watts 100 Watts Combined M.B.C.

- Work
-35 VSD -35 VSD -35 VSD -35 VSD -35 VsD
~-24 VSD -24 VSD -24 VSD -24 VsD -24 VsSD
-6 VSD -6 VSD -6 VSD -6 VSD -6 VSD
+5 VSsD +5 VSD +5 VSD +5 VSD +5 VSD

+35 ND +35 ND +35 same  +35 ND +35 ND

Combined Work at 35°C compared to:

Rest 67 Watts 100 Watts Combined M.B.C.
Work
-35 VsSD -35 VSD ~35 VSD =35 VSD -35 VSD
-24 VSD -24 VSD -24 VSD -24 VSD -24 VSD
-6 VSD -6 VSD -6 VSD -6 VSD -6 VSD
+5 VSD +5 VSD +5 VSD +5 VSD +5 VSD
+35 ND +35 ND +35 ND +35 same  +35 ND
M.B.C, at 35°C compared to:
Rest 67 Watts 100 Watts Combined M.,B.C,
Work
=35 VSD -35 VSD =35 VSD -35 VSD -35 VSD
-24 VSD ~24 VSD -24 VSD =24 VSD -24 VSD
-6 VSD -6 VSD -6 VSD -6 VSD -6 VsD
+5 VSD +5 VSD +5 VSD +5 VSD +5 VSDh

+35 ND +35 ND +35 ND +35 ND +35 same



TABLE XIII,

COMPARED TO OTHER AMBIENT CONDITIONS

Rest at 5°C compared to:

Rest 67 Watts 100 Watts
-350C ND -359C ND -359C ND
24 ND -24 ND -24 ND
-6 ND -6 ND -6 ND
+5 same 45 ND +5 ND
+35 VSD +35 VSD 435 VSD

67 watts at 5°C compared to:

Rest 67 Watts 100 wWatts
-35 ND -35 ND -35 ND
-24 ND -24 ND -24 ND
-6 ND -6 ND -6 ND
+5 ND +5 same 5 ND
+35 VSD +35 VSD +35 VSsD

100 watts at 5°C compared to:

Rest 67 Watts 100 Watts
-35 ND -35 ND -35 ND
=24 ND -24 ND =24 ND
-6 ND -6 ND -6 ND
+5 ND +5 ND +5 same
+35 VSD +35 VSD +35 VSD

Combined Work at 5°C compared to:

Rest 67 Watts 100 Watts
-35 ND -35 ND -35 ND
-24 ND -24 ND -24 ND
-6 ND -6 VSD -6 ND
+5 ND +5 ND +5 ND
+35 VSD +35 VSD +35 VSD

M.B.C. at 5°C compared to:

Rest 67 Watts 100 Watts
-35 ND -35 SD -35 ND
=24 ND -24 VSD -24 ND
-6 ND -6 VSsD -6 VSD
+5 SD +5 VSD = 45 sD
+35 VSD +35 VSD +35 VSD

Combined
Work
-35°C ND
~24 ND
-6 ND
+5 ND
+35 VSD
Combined
Work
-35 ND
=24 ND
-6 ND
+5 ND
+35 VsD
Combined
Work
-35 ND
-24 ND
-6 ND
+5 ND
+35 VSD
Combined
Work
-35 ND
=24 ND
-6 ND
+5 same
+35 VSD
Combined
Work
-35 ND
=24 SD
-6 VSD
+5 SD
+35 VSD

L6

WATER CONTENT OF EXPIRATE AT 5°C AMBIENT

M.B.C,
-35% vsD
24 VSD
-6 VSD
+5 VSD
+35 VSD
M.B.C.

-35 VSD
-24 VsSD
-6 VSD
+5 VSD
+35 VSD
M.B.C,
-35 VSD
-24 ND
-6 SD
+5 SD
+35 VSsD
M.B.C.
-35 VSD
~24 SD
-6 VSD
+5 VSD
+35 VSD
M.B.C.
-35 SD
-24 ND
-6 ND
+5 same
+35 VSD



TABLE XIV.

COMPARED TO OTHER AMBIENT CONDITIONS

Rest at -6°C compared to:

Rest 67 Watts 100 Watts
-359C ND -35°C ND -35°C ND
-24 ND =24 ND -24 ND
-6 same -6 ND -6 ND
+5 ND +5 ND +5 ND
+35 VsD +35 VSD +35 VSD

67 watts at -6°C compared to:

Rest 67 Watts 100 Watts
-35 ND -35 ND -35 ND
-24 ND ~24 ND -24 SD
-6 ND -6 same -6 ND
+5 ND +5 ND +5 ND
+35 VSD +35 VSD +35 VSD

100 watts at -6°C compared to:

Rest 67 Watts 100 Watts
-35 ND -35 ND -35 ND
-24 ND -24 ND 24 SD
-6 ND -6 ND -6 same
+5 ND +5 ND +5 ND
+35 VSD +35 VSD +35 VSD

Combined Work at -6°C compared to:

Rest 67 Watts 100 Watts
=35 ND -35 ND -35 ND
=24 ND -24 ND =24 ND
-6 ND -6 ND -6 ND
+5 ND +5 ND +5 ND
+35 VSD +35 VSD +35 VSD

M.B.C. at -6°C compared to:

Rest 67 Watts 100 Watts
-35 ND -35 sD -35 sD
-24 ND -24 VSD -24 ND
-6 ND -6 VSD -6 VSD
+5 VSD +5 VSD +5 SD
+35 VSD +35 VSD +35 VSD

Combined
Work
-35°c ND
-24 ND
-6 ND
+5 ND
+35 VSD
Combined
Work
=35 SD
=24 SD
-6 ND
+5 SD
+35 VSD
Combined
Work
-35 ND
=24 SD
-6 ND
+5 ND
+35 VSD
Combined
Work
-35 ND
~24 ND
-6 same
+5 ND
+35 VSD
Combined
Work
-35 ND
-24 SD
-6 VSD
+5 SD
+35 VsSh

L7

WATER CONTENT OF EXPIRATE AT -6°C AMBIENT

M.B.C.
-35°C VvSD
=24 ND
-6 ND
+5 ND
+35 VSD
M.B,.C.
-35 VSD
=24 VSDh
-6 VSD
+5 VSD
+35 VSD
M.B.C.
-35 VSD
-24 VSD
-6 VSD
+5 VSD
+35 VSD
M.B.C.
-35 VSD
=24 VSD
-6 VSD
+5 vSD
+35 VSD
M.B.C.
-35 SD
-24 ND
-6 same
+5 ND
+35 VSD



TABLE XV,

COMPARED TO OTHER AMBIENT CONDITIONS

Rest at -249C compared to:

Rest 67 Watts
-35°C ND -35°C ND
=24 same -24 ND
-6 ND -6 ND
+5 ND +5 ND
+35 VSD +35 VSD

67 watts at -249C compared to:

Rest 67 Watts
-35 ND -35 ND
-24 ND -24 same
-6 ND -6 ND
+5 ND 45 ND
+35 VSD +35 VSD

100 watts at -249C compared to:

Rest 67 Watts
-35 ND -35 ND
-24 ND -24 ND
-6 ND -6 SD
+5 ND +5 ND
+35 VSD +35 VSD

Combined Work at -24°C compared

Rest 67 Watts
-35 ND -35 ND
-24 ND -24 ND
-6 ND -6 SD
+5 ND +5 ND

+35

M,B.C, at
Rest

-35
=24
-6
+5
+35

VsSD +35 VSD

-24°C compared to:
67 Watts
ND -35 SD
ND =24 )
ND -6 VSD
SD +5 SD

VSD +35 VSD

100

-35°

-24
-6
+5
+35

100

-35
-24
-6
+5
+35

100

-35
-24
-6
+5
+35

to:
100

-35
-24

+5
+35

100

-35
-24
-6
+5
+35

Watts

C ND
ND
ND
ND
VSD

Watts

ND
ND
ND
ND
VSD

Watts

ND
same
L))
ND
V5D

Watts

ND
ND
SD
ND
VSD

Watts

ND

SD
ND
VSD

Combined
Work
-35°C ND
-24 ND
-6 ND
+5 ND
+35 VSD
Combined
Work
-35 ND
-24 ND
-6 ND
+5 ND
+35 VSD
Combined
Work
-35 ND
=24 ND
-6 ND
+5 ND
+35 VSD
Combined
Work
-35 ND
-24 same
-6 ND
+5 ND
+35 VSD
Combined
Work
-35 ND
=24 SD
-6 SD
+5 SD
+35 VSD

L8

WATER CONTENT OF EXPIRATE AT -24°C AMBIENT

M.B.C.
-35°C SD
-24 ND
-6 ND
+5 ND
+35 VSD
M.B.C.
-35 VSD
-24 SD
-6 SD
+5 SD
+35 VSD
M.B.C.
-35 SD
-24 ND
-6 ND
+5 ND
+35 VSD
M.B.C.
-35 VSD
-24 SD
-6 SD
+5 SD
+35 VSD
M.B.C.
~35 SD
~24 same
-6 ND
+5 ND
+35 VSD



TABLE XVI.

COMPARED TO OTHER AMBIENT CONDITIONS

Rest at -359C compared to:

Rest 67 Watts 100 Watts
-350C same -35°C ND -35°c WD
-24 ND =24 ND -24 ND
-6 ND -6 ND -6 ND
+5 ND +5 ND +5 ND
+35 VSD +35 VSD +35 VSD

67 watts at -35°C compared to:

Rest 67 Watts 100 Watts
-35 ND -35 same -35 ND
-24 ND -24 ND -24 ND
-6 ND -6 ND -6 ND
+5 ND +5 ND +5 ND
+35 SD +35 VSD +35 VSD

100 watts at -35°C compared to:

Rest 67 Watts 100 Watts
-35 ND -35 ND -35 same
-24 ND -24 ND -24 ND
-6 ND -6 ND -6 ND
+5 ND +5 ND +5 ND
435 VSD +35 VSD +35 VSD

Combined Work at -35°C compared to:

Rest 67 Watts 100 Watts
-35 ND -35 ND -35 ND
-24 ND =24 ND -24 ND
-6 ND -6 SD -6 ND
+5 ND +5 ND +5 ND
+35 VSD +35 VSD +35 VSD

M.B.C. at -35°C compared to:

Rest 67 Watts 100 Watts
-35 SD -35 VSD -35 SD
=24 SD =24 VSD -24 VSD
-6 VSD -6 VSD -6 VSD
+5 VSD +5 VSD +5 VSD
+35 VSD +35 VSD +35 VSD

Combined
Work
-35°%¢ D
-24 ND
-6 ND
+5 ND
+35 VSD
Combined
Work
-35 ND
=24 ND
-6 ND
+5 ND
+35 VSD
Combined
Work
-35 ND
=24 ND
-6 ND
+5 ND
+35 VSD
Combined
Work
-35 same
=24 ND
-6 ND
+5 ND
+35 VSD
Combined
Work
-35 SD
-24 VSD
-6 VSD
+5 VSD
+35 VsSD

k9

WATER CONTENT OF EXPIRATE AT -35°C AMBIENT

M.B.C,
-35°¢c sb
~24 ND
-6 ND
+5 ND
+35 VSD

M.B.C.
-35 VSD
-24 SD
-6 SD
+5 SD
+35 VSD

M.B.C.
-35 SD
-24 ND
-6 SD
+5 ND
+35 VSD

M.B.C.
-35 SD
~24 ND
-6 ND
+5 ND
+35 VSD

M.B.C.
-35 same
=24 SD
-6 SD
+5 SDh
+35 VSD



50

determinant of expired water.

The data presented in Tables VI through X permit a graph to be
plotted or the equation solved for the expired water in mg/L STPD (Y)
at any minute volume in L STPD/min. (X). The regression equations pre-
sented for each temperature (35°, 50, -6°, -24°, -35°C) are derived
separately for each minute volume category: Rest, 67 watts, 100 watts,
and M,B,C, A graph can be plotted using the three equations derived
for Rest, Combined Work and M,B.,C., at each temperature. Any of the
regression equations may be used individually, however, with the reser-
vation that each equation is valid for only one temperature and one
range of minute ventilation volumes.

Table X1 lists the statistically derived coefficients resulting
from correlating expired water (mg/L STPD) with other factors. As would
be expected there is a high correlation between minute volume of air

respired and expired water per minute (r exceeds 0.90 in all cases),

min,
which is an index of the efficiency of the equipment and experimental
procedure. The correlation of minute volume of respired air and mg of

water per liter of expired air (r ) is small and negative for all

Liter
categories. This small negative coefficient indicates poor and inverse
correlation between liters STPD per minute respired and water content

per liter STPD, By implication there is a decreasing change in the water
content per liter STPD as minute volume increases, The observed change
in water content per liter as a result of changes in minute volume
clearly shows the importance of variations in tidal volume and respira-

tory frequency as determinants of expired water.

Tables XII through XVI list all the results of tests for significant
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differences between one temperature and one work load and all other
temperature and work load combinations, These tests for significance
permit an evaluation of the relative importance of any one variable
which determines expired water as compared to any other variable,

These results, for example, permit the conclusion that at ambient tem-
peratures of 35°C the water content of the expired air is significantly
higher than that produced at any lower ambient temperature.

Table XVII presents a concise form all the respired air tempera-
ture data., It lists the mean inspirate (Insp.) and expirate (Exp.)
temperatures as well as the range of these temperatures and the number
of measurements (n) made at each set of ambient conditionms.

Table XVIII lists the expired air temperature and the water content
of the expirate as determined. It also gives the water content which
would exist in the expirate if it were 1007% saturated at the expired
air temperature as measured, and‘finally the temperature which the
expirate would have to be if the water content actually represented
100% saturation,

As described under "Experimental Procedure" the air temperatures
were measured separately from the expired water determinations. As
a result of this sampling technique it is presumed that the air
temperatures which actually existed are consistently higher than those
measured. That this is so is evidenced by the water content of the air
expired; if the air temperature was as low as that measured each
tidal volume would have to be supersaturated with water. If the water
content actually measured in the expired air represented 100% R.H., the

expirate temperature would have to be higher than that recorded. The
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placement of the temperature transducer will naturally influence the
measurement of air temperature,

The previously described system of temperature measurement meas-
ured the air temperature with the face mask in place but with the
thermocouple not touching the surface of the skin or mask. The dis-
tance between the temperature transducer and the oral or nasal orifice
is an effective cooling gradient and the air as expired naturally loses
heat along this distance. The air temperatures as measured in the
mask are expected to be lower than the actual temperature of the ex-
pired air, but were used because of their repeatability. The air tem-
peratures listed which are derived from 1007% R,H, are probably accurate
within + 1.5°C of the actual air temperatures at the oral or nasal
orifice.

It will be noted that the expired air temperatures actually
measured are too low for reliability; all expirate would be supersatu-
rated with water if these temperatures were correct. Based upon the
measured water content of the expirate and assuming 100% R.H., the
expired air temperature would have to exceed the temperature as measured
by at least 1°C, and more in most cases. The temperature measurements
with the transducer held in front of the airway were quite variable
and repeated measurements were seldom consistent. For this reason, and
because only comparative, not absolute, values were required, the

temperatures measured inside the face mask were used.



TABLE XVII,

35°¢

Rest

67 watts
100 watts
M.B,C.

59¢

Rest

67 watts
100 watts
M.Boco

-6°C

Rest

67 watts
100 watts
M.Boco

-249¢

Rest

67 watts
100 watts
M.B.C.

-359¢C

Rest

67 watts
100 watts
M.B.CO

AVERAGE RESPIRED AIR TEMPERATURES IN °C

Insp.
oC

31.76
32,06
32,31
32,39

24,77
24.54
22,55
20.64

21.26
20.81
19,72
17.35

18.62
16.56
15,66
11.91

17.64
15.70
14,42

8.30

Range
o¢

30.0 - 33.0
30.6 - 33.1
31.0 - 33.1
31.6 - 33.1
24,0 - 27.1
22.5 - 27.5
20.4 - 25,0
16.0 - 24.8
20.1 - 23.4
18.4 - 22.5
16.4 - 21.4
15,2 - 19.8
13.4 - 23.8
11.6 - 21.4
10.2 - 22.4
8.0 - 18,0
15.2 - 20.4
9.4 - 19.8
6.7 - 19.3
6.4 - 11.7

n

16
16
12
11

12
11
10
10

14
14
12
13

16
16
16
13

12
12
12
12

Exp.
oC

32,43
32.28
32.36
32.48

26.40
26.98
27.04
26,94

25,15
25.90
26,14
25,45

21,74
23,27
23.13
23,15

20,81
21,93
22,20
22,26

Range
oS¢
31.0 - 33.1
31.2 - 33.4
31.2 - 33.6
31.4 - 33.4
25.9 - 27.3
25.5 - 28.0
25,6 - 28.5
25,7 - 28.0
23.8 - 27.1
23.3 - 27.1
22,8 - 27.6
24,0 - 26.5
17.4 - 25.3
20.6 - 26.2
20.6 - 26.0
20.7 - 25.9
18.4 - 24,2
19.8 - 24,5
20,1 - 24,6
20,1 - 24,7

00 \O \O W

12
12
11
11

13
12
11
12

11
10
10
10

12
11
10
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TABLE XVIII. MEAN EXPIRED AIR TEMPERATURES, MEAN WATER
CONTENTS AND EQUIVALENT TEMPERATURES WHERE EXPIRED
WATER EQUALS 100% RELATIVE HUMIDITY

Work Load Mean Expirate 100% R,H. at Mean Water Temperature
Temperature Mean Expirate Expired Where Mean
Temperature Water Expired

= 100% R.H,

oc mg/L STPD mg water/ oc
L STPD
35°C
Rest 32.43 34,56 37.46 33.94
67 watts 32.28 34,28 38.46 34,44
100 watts 32,36 34,43 37.78 34,10
M.B.C. 32.48 34.65 36.54 33.47
5°¢
Rest 26,40 24,92 32,74 31.42
67 watts 26.98 25,72 31.68 30.80
100 watts 27.04 25,81 31.18 30.50
M.B.C, 26.94 25,67 28.58 28.89
-6°C
Rest 25.15 23,24 30.63 30.17
67 watts 25.90 24,23 33.26 31.71
100 watts 26.14 24,56 33.00 31.57
M.B.C, 25.45 23.63 28.60 28.90
-249¢
Rest 21.74 19.14 30.44 30.05
67 watts 23,27 20.90 31.69 30.81
100 watts 23.13 20,74 30.23 29.92
M.B.C. 23,15 20.76 28.83 29.05
-359¢
Rest 20.81 18.15 30.97 30.37
67 watts 21.93 19.35 31.54 30.72
100 watts 22,20 19.65 31,74 30.84

M.B.C. 22,26 19.72 25,70 26,96
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EFFECTS OF AMBIENT TEMPERATURE

It is impossible to present a simple set of general conclusions
regarding the effects of ambient temperature upon expired water. Any
discussion of temperature effects requires that all of the other vari-
ables (ventilation rate, etc.) also be taken into account.

At 35°C ambient temperature, the inspired and expired air tem-
peratures are much higher than at any lower ambient temperature. The
water content of the expired air is significantly higher (P = 0.001)
at ambient 35°C than at any temperature lower than 35°C regardless of
the minute volume (Table XII). However, the actual amount of moisture
supplied by the respiratory mucosa is very small. The water loss, expi-
rate minus inspirate, is significantly less at 35°C than at lower
ambient temperatures, but this is the resultant of the high ambient A,H,
Table XI shows expired air at 35°C ambient is not 37°C and saturated
(P sat.<: 0.001), yet the respiratory tract is capable of producing
just such an expirate.

It is concluded that even at ambient temperatures nearly equal
to body temperature the expired air is still "'conditioned" during the
expiratory cycle and heat and water are recovered by the respiratory
mucosa. At 359C ambient this recovery of heat and moisture is not much
influenced by minute volume (Fig. & and 5). The expirate at 5°C has a
significantly lower water content than that produced at 359C ambient,
yet the water loss (water added to expirate by the mucosa) is nearly
identical at each temperature (Fig. 6). It would seem that the heat
and water content of inspired air in any warm, moist environment is a

fixed thermodynamic entity (enthalpy), and not subject to any recovery
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process during expiration. Only the water and heat which are added
to the inspirate may be partly removed during expiration. The amount
of heat and moisture removed from the air as it is being expired is
directly related to the amount added to the air during inspiration. For
simplicity one might assume that the inspiration of air at or near 37°C
and 100% R,H. imposes no demands on the respiratory mucosa; since the
mucosa lost little or no heat and moisture upon inspiration it will
recover no heat or moisture upon expiration.

In conclusion, the water content of expired air is directly related
to ambient temperature above 0°C. Water loss is also related to the
ambient temperature-humidity complex at temperatures above 0°C, How-
ever, net water loss and water expired are not related to ambient
temperature in the same way, Net water loss is described_by an equation
which must include some factor for respiratory mucosal participation
in both inspiration and expiration. Water expired is a linear but

fractional function of ambient temperature and humidity.



EFFECTS OF HUMIDITY

Relative humidity (R.,H.) is the percent of water actually present
in the air at any one temperature compared to the maximum amount of water
the air could contain at that temperature, Absolute humidity (A.H,),
usually reported in grams per liter, is the amount of water found in a
given volume of air. At low temperatﬁres, the term ‘'relative humidity'
has little meaning; 100% R.H. at -35°C, for example, represents as
little as 0.12 mg water/liter of air, while 52% R,H, at 35°C represents
13.84 mg water/liter of air. For this reason absolute humidity is more

pertinent to any discussion regarding expired water.
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The work of Seeley”~ and others--Perwitzschky43, Adachi and Ito*,
Galeottile’lg, and Gooda1e21, does support the idea that a high absolute
humidity produces a higher water content in the expirate. McCutchan
and Taylor35 present some thermodynamic equations which relate the
humidity of the inspired air to the humidity of Eﬁeiexpirate, and in
fact state that the wet bulb temperature of the ambient air is linearly
related to the thermodynamic exchange properties of the respiratory
tract. However, all these workers avoid any discussion of the effects
of AJH, at very low temperatures.

At very low temperatures (-24° and -359C) most investigators
assume a zero inspired absolute humidity, but this assumption may well
be erroneous in the light of Lewis' work showing that some inspired air
comes from the immediate micro-climate of the body32. The use of a hood
or large collar on the outer garments usually worn in cold climates

will also permit a large heat and water increment in the inspired air

from the air rising from between the clothing and the torso, The
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complex conditioning of inspired air in very cold climates by such fac-
tors makes a reliable estimate of inspired humidity impossible.

An equation describing water loss (expired water minus inspired
water) for practical conditions in the cold is based upon as many inde-
terminates as is an equation describing heat loss, since both equations
must contain some '"extracorporeal recovery factor" which describes the
heat and water counter-current exchange system outside the body. Such
external pre-conditioning of air is of course variable with ambient
temperature, relative humidity, wind speed, and atmospheric pressure.
Minute volume, physical activity and clothing (parka hood, for example)
may all influence the caloric content of the inspirate.

Since it is impossible to quantify all these variables it is best
to describe the influence of A,H, upon expired water in qualitative
terms only. A very hot and dry environment will produce an expirate
low in water content while a hot moist environment will cause increased

35’53. Seeley cites 13.26 mg water/L as the difference

water expiration
in expired water which results from a change from 14,8% R,H, to 89.,6%
R.H. at 33.19C (5.27 mg water/L to 31.9 mg water/L A.H.)?3. Yet a
similar change at 7.6°C (86.0% to 26.1% R,H., or 6.7 mg water/L to
2.0 mg water/L A.H.) results in an expired water content of only 1.3
mg water/L less at the lower humidity23,

The data in this report show that variations in ambient A, H, of
12.43 mg water/L to 6.58 mg water/L produce a concomitant difference
in expired water of only 4.72 mg water/L STPD (Table XIX) for men at

rest in 35° and 5°C. Comparison of Rest at -6°C and Rest at -35°C

show a difference of 1.35 mg water/L STPD A,H, yet 0.34 mg water/L STPD
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more water is expired at the -35°C ambient temperature.

It is concluded that at temperatures above freezing the A,H. does
have a direct but ill-defined influence upon the water content of the
expired air,

Ambient A, H, assumes a éecreasing importance as a determinant of
expired water as ambient temperature decreases. It seems that A.H,
must exceed about 7 mg water/L STPD before any direct increase is
seen in the expired water. An A H. of 7 mg watexr/L STPD represents
100% R,H, at a temperature of 5,5°C. Below this A,H, thefe are no
significant effects of ambient humidity on expired water, while above
this A ,H, there is a direct and increasing influence exerted upon the
water content of the expirate, (See Figs. 4,5,6 and Table XIX), This
environment 5.5°C and 100% R,H, is the "critical point" noted in the
preliminary work of this experiment. Some thermodynamic considerations
greatly simplified for convenience, are used to quantify the heat con-
tent of air under these conditions.

Assume that the heat content of dry air and water plus the
latent heat of fusion and vaporization of water represent the total
of the water vapor and the "enthalpy" of air at 5.5°C and 100% R.H.
Entropy and chemical energy changes are not considered. Respiration
does not occur at 0° Kelvin, but this temperature is a convenient zero
point for calculations. Because the ambient temperatures considered
in this report range from -35° to +35°C it is essential to comsider
water in its three physical forms, but not necessary to consider air
as anything other than a gas. With these assumptions the total

"enthalpy" of a volume of air at 5.5°C and 100% R.H, can be expressed as:



ST HEAH ;. VA H yatere
Al air zaT Cp gy 0-
AH yarer =0T Cp water) *n ice ¥ stean®

A H = change in enthalpy. AT = 278.5°C (-273°C to 5.5°C).
0.24 cal..

b

Cop air ~ heat capacity of air at constant pressure,

gm °C
considered unchanged over this AT,
There are no changes of state of the air considered,
Cp = heat capacity of water at constant pressure, 1 cal, 5
water gm °C

considered unchanged over this A T.

\ ice = heat of fusion of water, 79.7 ;21*.
= heat of vaporization of water, 593.0 S2l.
gm

Therefore AH ,;.. = 66.8 cal./gm when AT = 278.5,

A Steam

and AH = 951,2 cal./gm when AT = 278.,5,

water
Air at 5.5°C and 100% R.H. weighs 7.03 mg/L of which 7 mg/L is
water and only 0.03 mg is dry air, 7 mg water requires 6.65 cal. to
raise its temperature from 0%k (ice) to 5.5°C (vapor). The dry air
requires only 0.002 calories per'liter to change its témperature from
0%k to 5.5°C. This simple calculation shows the importance of the
water content of any air volume. Of the total enthalpy of this one

liter of air at 5.5°C and 100% R.H. only 0.03% of the caloric content

is represented by the dry air!
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SIGNIFICANCE OF AMBIENT TEMPERATURE AND HUMIDITY

Since the temperature and absolute humidity of inspired air are
thermodynamically interconvertible, the notion of Seeley and others
that ambient wet bulb temperature best reflects expirate temperature
seems elegantly suited to this discussion53’35. According to the
literature and the data presented in this report, there is a relation
between ambient wet bulb temperature and expired air temperaturesl’ls’
19:21>35:43’53’59. To describe this relation.correctly, however, one
must specify the minute volume, especially at temperatures below
freezing.

At 100% R,H, the absolute humidity at temperatures of 35° to -35°C
ranges from 39.60 to 0.12 mg water per liter STPD of air. Absolute
humidity at 100% R,H. is an exponential function of temperature. Such
a function imposed upon the logarithmic thermodynamic properties of
the respiratory mucosa, would result in an expirate which is a linear
function of ambient wet bulb temperature, except that the respiratory
tract is a variable and limited source of heat and moisture. The res-
piratory tract is not a perfect thermodynamic entity and it defies
description especially so after its efficiency as a heat and water
source is exceeded by the demands of a large minute volume.

In conclusion it can be stated that only at high (15° to 35°C)
ambient temperatures can one describe expired air temperature and mois-
ture as a function of ambient wet bulb temperature. In such an environ-
ment, minute volume has no significant effect on expired water, At 5°C
there is a slight effect of minute volume upon the amount of water

expired. At temperatures below freezing one must include minute
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volume as a determinant of expired water, since variations in ambient
temperature and absolute humidity alone have only an insignificant
effect on expired air moisture and temperature, At any ambient tem-
perature from 0° to -35°C, but at one fixed minute volume, all expirate
contains essentially the same amount of water. Variations in water
expired as a result of changes in minute volume at any one temperature
(below 0°C) far exceed the variations in expired water which result from

changes in temperature,



EFFECTS OF MINUTE VOLUME

If one makes the reasonable assumption that the resting rate of
respiration permits the respiratory mucosa a maximum amount of parti-
cipation in the "conditioning' of the respired air, then one can con-
clude that there is some control over heat and water loss as a function
of changes in respiratory pattern., As stated previously even resting
ventilatory rates can be altered to change the caloric output of the
respiratory mucosa. A large Vp will increase heat and water in the ex-
pirate, Polypnia, especially oral, will decrease the heat and water
lost through respiration. Both theselghaﬁges can occur within the
ventilatory range of 3 to 12 liters STPD/min.

These same changes in expired heat and water resulting from changes
in Vp or frequency can be derived from changes in minute volume if one
assumes again that the upper respiratory tract is a limited heat and
water exchange system, At rest, a large Vyp is drawn slowly into the
respiratory tract, it is warmed and moistened, and is then slowly ex-
pired. The time required for this cycle is more than enough for the
circulation to restore most of the heat and water removed from the
mucosa, Upon expiration there is little recovery of calories or water
from the air since no part of the mucosa is exceedingly cool or dry.
The dead space air, a small percent of a large VT’ is also probably
heated and moistened since the respiratory cycle is slow enough to
permit even this air (last air in, first air expired) some time to
equilibrate with the mucosa.

The reverse is also true, in simple terms a high respiratory fre-

quency means the respired air is withdrawing heat and water from the
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respiratory mucosa faster than the circulation can maintain the mucosa
at or near 37°C and water saturated. A very high respiratory fre-
quency will quickly dry out the mucous lining of the nose or mouth; not
so familiar is the cooling effect that polypnia has on the upper res-
piratory tract, With this theoretical approach to the upper respiratory
tract as a heat and water source of limited capabilities, it is possible
to cite reasonable explanations for the results found experimentally.

At 35°C ambient temperature the data show no significant differ-
ences in expired water at any minute volume. There is an insignificant
decrease in expired water at the M,B,C, rate, however, and this maneuver
does produce a dry feeling in the mouth and throat. (Figs. & and 5).
The results of other workers substantiate this idea that there is no
measurable difference in expired water at various minute volumes and
"room temperatures'. Those several workers that do cite differences in
expired water resulting from alterations in minute volume list only
insignificant differences, or differences found under extremes of
respiratory patterns or ambient conditions. 1In a moderately warm,
humid environment, alterations in respiratory pattern may produce
changes in the water content of certain expired air fractioms, but
these changes are of such small magnitude compared to the heat and
water content of the inspired air, that no differemce in total expirate
moisture can be detected.

In a warm, moist environment, the demaﬁd upon the upper respira-
tory tract for heat and water upon inspiration is so small that no

variation in minute volume or respiratory pattern will decrease mucosal
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efficiency as a heat and water source to the point of producing a sig-
nificant change in the expirate. Even changes from nasal to oral res-
piration will not produce changes in expired water under these condi-
tioms.

Once we depart from the climate of 35°C and almost 40% R.H.,
minute volume modifications of expired water are apparent. In a warm
but dry environment, 25°C or higher and 10% R.H. or less, there is a
decrease in expired water as minute volume increasesl’19’37’53. At
temperatures lower than 25°C there are also changes in expired water
resulting from variations in minute volume.

This experiment shows that at 5°C ambient the small decrease in
expired water per unit volume of air is nearly linearly related to the
increment in minute volume, At ambient temperatures below SOC, there is
an interrelationship between expired water and a temperature-minute
volume complex such that a linear (2 dimensional) equation will repre-
sent the 3 variables. In this experiment it was found that at any
ambient temperature at and below -6°C, any one minute volume produced
essentially equal amounts of expired water up to a certain point. The
expiration of a constant amount of water per liter of air at -24° or
-35°C ambient changed only when minute volume reached the M,B.C, values.
Thus at temperatures below -6°C, Y (mg water/L STPD) is a constant
function of X (minute volume) for X values of 0 to 35 L STPD/min,

(Figs. 4 and 5).

True thermal polypnia is not evident in man, but when exercise

increases body heat production, the cardiovascular adjustments in

exercise will help control body temperature. Increased body temperature
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occasioned by exercise or any other cause will prompt an increased
heat and water loss through the respiratory tract. The cardiovas-
cular response to hyperthermia will increase the vascularization in
the nasal and upper airway321’43. The engorged blood vessels not
only supply more heat and water to the respiratory mucosa but also
cause anatomical changes which increase air turbulence and thereby

increase the heat conductivity of the air4’10’15’21’22’24’28’45’48’52’

53,55,57.

The increase in expired water, seen when the subject increases
his minute volume from rest to some exercise level, is prompted by
these physiological changes, This is physiologically significant
only at temperatures below 5% (Table XVIII) where both expired heat
and water increase as the exercise imposes upon the subject an increased
minute volume. The data for 35° and 5°C are inconclusive but there
is a trend toward an increase in expired water as minute volume in-
creases, At these two temperatures the increment in expired water
resulting from exercise is masked by the effects of the large environ-
mental A _H, There is already a large, positive, linear relation
between minute volume and expired water because of the heat and water
content of the inspirate at these temperatures and this relationship
is of greater significance than the effects of exercise on expired
water. At any ambient temperature, a man, depending upon his clothing,
will show a trend toward increasing body temperature at some level of
exercise, As body temperature tends to increase, the cardiovascular
responses mentioned above can serve to increase the water content of

the expirate. The increase in expired water at exercise represents
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about 2.5 calories of heat as the latent heat of vaporization for
each milligram of water. Thus at a minute volume of 40 L STPD/min.,
an increment of only 1 mg of water per liter of air expired, in excess
of the resting level of water expired, can facilitate a 100 calories
per minute heat loss.,

A second factor enters into this minute‘volume modification of
expired water, In most subjects examined in this experiment nasal
breathing at rest was replaced by oral breathing at some level of
exercise. The minute volume at which oral breathing replaced nasal
breathing varied for each subject and this produced variability in
the data., Nasal expirate does not vary by more than *+ 20% in tempera-
ture or water content as long as the ambient environment is unchanged.
Even changes in minute volume within the limits of minute ventilation
respired through the nose do not produce a change greater than + 20% in
expired heat and water. Oral respiration on the other hand does
vary considerably; an initially large heat and water content in the
expirate soon decays to a very low level of expired water. The oral
respiratory pathway offers a warmer and wetter surface area to heat
and moisturize the expired air than the nasal pathway. But actually
the oral respiratory tract is a less efficient "air conditiomer"
than'is the nasal pathway; the oral mucosa does not have the elaborate
circulation found in the turbinate and ethmoid structures. This
poor circulatory support allows the oral mucosa to become cool and
dry even when respired air requires only a moderate addition of heat
and moisture. This is subjectively observed during oral breathing

in any low humidity environment when the throat and mouth soon become



71
painfully dry.

A third variation in the water expired in exercise is caused by
the individual nature of adjustments in respiratory frequency and
tidal volume to meet the demands of the exercise. The usually des-
cribed tidal volume increment upon the initiation of exercise is often
accompanied by a frequency change. The discussion of individual sub-
ject data illustrates these differences in respiratory patterns and
their effects on expired water.

The final important departure from linearity in the expired
water-minute volume function occurs near the minute volume of M.B.C,
The M,B,C, rate presents a unique case; it is an artificial minute
ventilatory volume, no man can sustain minute ventilation volumes of
85 to 160 liters per minute for any great length of time. The rami-
fications of such an extreme respiratory pattern are depicted by the
drastic changes in heat and water content of the expirate when one
shifts from "normal" work load minute volumes to M.,B.C, M.B.C, is
subjectively accompanied by hoarseness, drying in the nose and throat
and even chest pains.

The heat and water requirements for conditioning the inspirate
during the very large minute volumes of M,B,C. must exceed the capa-
bilities of the circulatory system and/or the respiratory mucosa. The
very rapid movement of air in and out of the respiratory tract prob-
ably permits air to reach the alveoli at less than 37°C and less than
saturated with water. The explosively expired air is then rapidly
cooled and desaturated by the mucosa as a result of the heat and water

withdrawal from the mucosa by the inspirate. The small time interval
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between inspiration and expiration and the large tidal volumes involved
are critical. The large air volume inspired rapidly cools and drys
the mucosa and the circulatory system cannot restore normal mucosal
integrity in the short time between breaths.

The slopes of the descriptive regression equations (Tables VI
through X) show that a difference in water content of expirate does
exist at M,B,C, minute volumes. There are signifiéént differences (at
the P = 0,01 or P = 0,05 level) between -35° or +35°C M.B.C. rate and
any other minute volume at those temperatures. The M,B,C, rates at
59, -6° and -24°C are not significantly different from other minute
volumes at the same temperatures. However, a difference of almost
2 mg water/L STPD air is apparent in each case when one compares the
M.B.C, and combined work load minute volumes at any one temperature.
This is consistent with the subjectively observed dryness of the nose
and throat which accompanies maximal breathing at any temperature.
There is a distinct decrease in the amount of water in each liter of
expired air at ventilation volumes in excess of 28 to 50 liters STPD
per minute. Such high ventilatory volumes do remove the normal mois-
ture from the mucosa and the water content of the expirate will remain
low so long as the minute ventilatory volume exceeds the rate at which
the circulation can replenish the mucosal heat and moisture,

The critical minute volume (28 to 50 L STPD/min.) where expired
water starts to decrease is not fixed but is directly related to
ambient temperature. The lower the ambient temperature, the lower
the minute volume at which the decrease in expired water occurs. At

-35°C the critical minute volume is about 35 L STPD/min. while at -6°C
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the sharp decrease in expired water occurs first at 38 L STPD/min.
(Figs. 4, 5 and Tables VI through X). This decreasing critical minute
volume as a function of decreasing ambient temperature is apparent in
Fig. 5 as an artifact of the three point plot of each line. Fig. 6
shows a four point plot of minute volume versus minute water loss and
here the change in slope for each temperature line at the critical
volume is readily apparent and not an artifact of the graphic data,

The combined stress of high minute volume and low temperature produces
mucosal dysfunction at decreasing minute volumes as temperature decreases
and the significant decrease in expired water occurs at minute volumes
which are directly related to ambient temperature.

Exchanges of either heat or water represent caloric exchanges in
the respiratory mucosa. The mucosa is quite capable of 'conditioning"
very dry air when that air is warm, but when the respired air withdraws
both heat and moisture from the mucosa, the caloric capability of the
mucosa may be exceeded53. This degradation of the mucosa as a caloric
gradient occurs at a point where the calories (heat and/or water) per
unit time required to condition the respired air exceed those supplied
by the circulation to the mucosa. At 35°C all minute volumes will have
nearly equal water in the expired air, Even the heat stress of exercise
or changes from nasal to oral breathing will produce only insignificant
changes in expired water, At 5°C there is the first indication of a
change in expired water resulting from a change in minute volume; at
the M ,B.C, rate, especially, there is a noticeable decline in the rate
of water expiration. When ambient temperature is below OOC, there is

evidence that the respiratory mucosa is decreasing in efficiency: the
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significant decrease in the rate of water expired occurs at lower and
lower minute volumeé as the ambient temperature declines. The enhanced
caloric demands upon the mucosa occasioned by the cold, dry inspirate
prompt this decrease in "air conditioning" function of the mucosa. The
colder the inspirate, the more rapidly the mucosa is depleted of its
heat and moisture. The rate of the deterioration of this aspect of
mucosal function bears a roughly linear relation to the caloric output
per unit volume of air.

At 35°C and 47 L STPD/min. the temperature difference of 0,09°C
between inspirate and expirate (Table XVII) requires that the mucosa
yield only 2.57 cal. of heat per minute and 1137.34 mg water/min. At
-35°C and 37 L STPD/min, the temperature difference between inspired
and expired air requires 516,52 cal., of heat per minute and 1295.9 mg
water/min. If the mg of water lost is equated to calories lost (heat
of vaporization), and this is added to the calories required to maintain
the temperature of the expirate, the data listed in the following table

are arrived at:

Ambient Min. Vol. Total calories removed
Temp. of M.B.C, from mucosa
o¢ L STPD /minute cal./min,
35 47 659.75
5 55 900.61
-6 40 1030.26
-24 39.5 1131.,53
-35 37 1069.81

This quantitative approach permits the conclusions that 1.0 to
1.2 Kcal. per minute is the maximum caloric loss in expirate. Losses

in excess of this lead to mucosal deficiency and real drying, irritation
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and pain in the upper respiratory tract, as well as dramatic decrements
in expired water.

Since the evaporation of water necessary to maintain near satura-
tion in respired air requires proportionately more calories than that
necessary to raise the temperature of a unit volume of air, it is easy
to understand why ambient humidity has a much greater effect on the
expirate than does ambient temperature. ILow ambient humidity occuring
with high or low ambient temperature will rapidly deplete the mucosa
of both heat and moisture, leading to a decrease in expired water and/

or irritation of the upper respiratory tract.



GRAPHIC ANALYSIS: INDIVIDUAL SUBJECT RESPONSE

The subjects for this experiment were chosen to represent a
"normal" group of healthy young men and as such a range of expired
water values was expected. It was surprising, though, to note the
wide variations in minute volumes during the ergometric tasks and
M.B.C. maneuver. During the M,B.C., one can cite a lack of motivation
where the subject produces minute volumes less than 45 liters STPD/
min. Even at very low temperatures a healthy male should be capable
of moving 45 liters per minute during an M,B,C. The variations in
minute volume during the two ergometric tasks (67 and 100 watts)
are not so easily explained. Only the vast complex of physical
fitness, learning and adjustment to exercise, daily variatioms in
water intake and reaction to cold stress could account for the varia-
tions in expired water and minute volume recorded for each task,

Each subject presents an array of data, but Figs, 7 through 13
show that certain trends do exist and that consideration of group
means does not lead to erroneous conclusions. Group means (mean of
the seven individual means) are derived for expired water at each of
the categories, Rest, 67 watts, 100 watté,.Combined Work and M.B,C.
These are shown in Fig. 4,

The presentation of average data with statistical substantiation
permits tentative extrapolation to a graph of expired water as a
function of minute volume, which is applicable to man in general. Such
a graph would be a flattened arc with the minute volumes of exercise
related to the largest expired water and the M,B.C, and Resting minute

volumes demanding a decreased water content in the expirate. Any one
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individual will, of course, show modifications of this general graph
and such modifications are usually explicable. 1In general, graphs 7
through 13 show the effects of high ambient humidity in the 35°C en-
vironment and the water expired is elevated by the amount inspired.

Subject R,F. (Fig. 7) shows a nearly ideal response to the experi-
mental conditions. R,F, displays a general increase in expired water
in the 35°C ambient temperature contingent upon the high water content
of inspirate, but his increased water expiration at Rest (7.64 L STPD/
min.) destroys the qualitative ideality of this curve. Subject R.F.
was prone to oral breathing, even at rest. In all but the driest
environments, oral breathing at a resting rate increases the amount of
water expired. The very warm, moist, oral airway provides heat and
moisture to the respired air even during the expiratory cycle, but
only at low minute volumes, At low minute volumes the demand for heat
and water for 'conditioning'" the inspired air does not exceed the
capabilities of the oral mucosa and expired water is increased., If,
in subject R.F., the water expired at rest were decreased to about 36
mg/L STPD this would be an ideal graph of expired water versus minute
volume at 35°C. The remaining responses of R.F, are so general, they
demand no additional explanation. At every other temperature, 5°, -6°,
-24° and —35°C, the expired water increases from Rest during exercise
minute volumes and decreases again during M.B.C, Only at -35° during
M.B.C. is there a small increase in expired water over that produced
during the 100 watt ergometric task. This increase is insignificant;
the water expired at 41.17 L STPD/min. and 44.12 L STPD/min. are

statistically equal,
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Subject H.H. (Fig. 8) presents a rather confused picture of expired
water as a function of minute volume. At 35°C ambient temperature ﬁ.H.
shows the increased water content in the expirate which is contingent
upon the high ambient humidity, but the whole curve is inverted. The
usual increase in expired water produced during the ergometric tasks
is decreased for H,H. Subject H,H. exhibited a high frequency, oral
breathing pattern during exercise, this tended to reduce his expired
water. Oral respiration when minute volume is high is characterized
by an initial increase in expired water which soon decays to a low
water content in the expirate as the oral mucosa drys out, The oral
mucosa cannot provide the heat and water necessary to condition the
inspirate when minute volume is high. The expirate is subjected to
extensive reclamation (heat and water removed by the mucosa) and is
expired with a low heat and water content. It should be noted that
H.H. had a consistently lower expirate temperature than the other men,
except at rest. This same anomaly is qualitatively repeated at the
other temperatures except at -6°C. Here H,H. shows the ideal response
of increased water expired during exercise, The curve for -24°C is
also a modified "ideal response' but in this instance there is essen-
tially equal water expired at all minute volumes. For subject H.H.
the results depicted on the graph (Fig. 8) are hardly explained by the
facts cited above. Surely several other immeasurable factors, hydra-
tion, adjustment to exercise, heat tolerance, etc., must be effecting
the water expired by H,H, under each set of conditions. Interestingly
enough H,H, was the only subject who had spent only the summer months

in Alaska.
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Subject G.M,. (Fig. 9) is the first to show the effects of poor
motivation; his minute ventilation during the M.B.C, is less than that
of the 100 watt ergometric task. This is fortunate in the sense that
it allows a comparison of expired water during exercise and during a
voluntary polypnia (M.B.C.) at equal minute volumes, On the basis of
this subject, G.M., it is concluded that the cardiovascular respomnse
to exercise will add 2 mg water to each liter of expired air, in excess
of that water expired during the same minute volume produced volun-
tarily. Subject G,M. is unusual too in that his peak expired water
occurs during the 67 watt task and declines or remains essentially
constant at minute volumes greater that 28 to 38 L STPD/min.

G.,M, was unduly stressed by the 100 watt tasks and by the M.B.C.
It was extremely difficult for this man to ventilate more than 40 to
50 L STPD/min. and such a minute volume produced discomfort, coughing,
gagging and near syncope on two occasions., It is obvious that G.M,
shows the syndrome of low heat and water expired, with dryness and
discomfort in the airways, at much lower minute volumes than his fellow
subjects. The water expired per L STPD by G,M. at 5° and ~-24°C ambient
temperature is essentially linear over the whole range of minute values,

and these interesting findings cannot be readily explained.
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Subject J.M. (Fig. 10) is another man with a nearly ideal response
to the experimental conditions. The water expired at 35°C is greater
than at all other temperatures because of the ambient humidity. In
all instances but two (5° and -35°C) the water expired as a function
of minute volume increases during exercise and decreases while at
rest and during M.B.C, J.M., a highly motivated subject as noted by
his large M.B.C. minute volume, is also an extremely energetic and
athletic young man., At rest in the -35°C ambient temperature this
subject displayed a respiratory pattern of relatively low frequency
with a large Vp, Most inspirations were followed by 2 to 5 seconds of
apnea. Even an animated discourse from the experimenter, which com-
pletely distracted the subject from the experiment, failed to change
this bizarre respiratory pattern. As a consequence of this breathing
pattern, the water expired at the resting minute volumes at -35°C was
higher than would be expected. This may be evident too in the 5°¢
ambient environments where the resting minute volume produced a higher
expired water than expected but the increase in expired water here is

insignificant.
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The graph (Fig. 11) depicting the response of subject B,N, to
the experimental conditions is confused. At 35°C the line describing
water expired versus minute volume is typical except for the large
amount of water expired at 40,2 L STPD/min. (M.B.C.,). Note that this
subject was not highly motivated during this M,B.C. and that 40.2 L
STPD/min. is more typical of an exercise minute volume than an M.B.C.
This may well explain the increased water expired at 40.2 L STPD/min.
B.N. had an average frequency of 63 respirations per minute and con-
sequently a VT of over 600 cc during the M,B.C. at 35°C, This respi-
ratory pattern is typical of that imposed by the 100 watt ergometric
task., Although there was proBably no body temperature increase such
as would occur with heavy exercise, there were no large caloric demands
on the respiratory mucosa as in the typical M,B.C., A typical M,B.C,.
(60 L STPD/min. or more) produces low expired water resulting from
mucosal deficiency (p.71). Subject B,N. produced a larger expired
water because his minute volume did not produce mucosal deficiency.

The curve showing water expired at 5°C is ideal and probably
reflects what would have occured at 35°C if the M,B.C. had produced
53 L STPD/min. or more. The expected increase in expired water during
exercise occurs at about 40 L STPD/min., remains constant to 48 L STPD/
min., and then decreases rapidly at minute volumes between 48 and 53
L STPD/min. The -6°C environment produces results qualitatively simi-
lar to the 5°C results except for the M,B,C, This is the second sub-
ject to show the effects of poor motivation during an M.,B.C,; the 100
watt ergometric tasks demanded a larger minute volume than is produced

by the M.B,C. maneuver., This man also shows about 2 mg more water per
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liter STPD of air expired during exercise than during the same minute
volume produced voluntarily, Note that for all the ambient tempera-
tures discussed so far the peak of water expiration is around 40 L
STPD/min, regardless of the cause (exercise or voluntary) of this
minute volume, Such a situation permits calculation of the maximum
caloric contribution of the respiratory mucosa under these conditions,
assuming that the mucosa supplies the caloric equivalent of 5.45 cen-
tigrade degrees temperature (average of expirate minus inspirate tem-
perature at both 5° and -6°C ambient and 40 L STPD/min.). The mucosa
also supplies the water and the latent heat of vaporization of 34,02
mg water per liter STPD (average value of expired water at 40 L STPD/
min. at 5°C and -6°C ambient)., The three caloric expenditures, AH
of the gas ( AT = 5.45°C) = 67.65 cal./min., OH of the water vapor
( AT = 5.45°C) = 0.74 cal./min. and AH of vaporization of 1360.8 mg
of water/min. = 806.40 cal./min., give a total of 874,79 cal./min.
This seems to be the maximum caloric production of the mucosa and any
demand in excess of this is reflected by the lowered water content
of the expirate.

The glaring exception to this conclusion above is shown in the
~-35°C ambient temperature. The expired water at 50,97 L STPD/min. is
inordinately large. There are no logical explanations for this, and in
fact, the trend shown at -24°C would lead one to believe there was an
error in the -35°C work., If the water expired at -35°C 50.97 L STPD/
min. were about 29 mg/L STPD instead of 39 mg/L STPD, both the -25°
and -35°C responses would be qualitatively similar, An error of 10

mg water/L STPD is not obvious in the data collected for B,N, in this
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category, but this seems the most probable explanation of the anomalous
response as shown on the graph (Fig. 11). Except for this "error" at
-35°C, the -24° and -35°C curves substantiate the previous calculation
of 875 cal./min. maximum production by the mucosa. At these lower
ambient temperatures this 875 cal,./min. maximum is exceeded at less
that 40 L STPD/min. and expired water begins to decrease at minute
volumes greater than Rest. Somewhere between 7.5 and 32 L STPD/min.
there must exist a maximum for these expired water curves at -24° and
-35% (ignoring the "error" at -35°C) but this peak or maximum was

missed in the experimental design.
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The subject listed as C,0. (Fig. 12) seemed to be a normal,
healthy male when selected., lLater it became known that he was a semi-
professional baseball player and although quite athletic, he displayed
some unusual respiratory patterns. He was not what is commonly known
as "long winded" and he seemed unduly stressed by the ergometric tasks.
With but one exception (-35°C), C,0, shows decreasing water expired at
all minute volumes above the resting rate (7 to 10 L STPD/min.). 1In
every experiment where it was measured, subject C,0. showed a nearly
fixed VT but a high respiratory frequency during exercise. He com~
plained constantly of irritation and dryness in the upper respiratory
tract while exercising. Because of his athletic background he was
suspected of maliﬁgering, but in retrospect it can be seen that appar-
ently he did have a low capacity for heat and water production in the
mucosa, Note the M,B,C, at 35°C is lower than the 100 watt minute vol-
ume, (the third man to show this) and again it is seen that about 2 mg
water/L STPD are added to the air produced during exercise in excess of
that water expired at the same minute volume produced voluntarily,

At -35°C subject C,0, was again anomalous in that he produced
"respiratory sighs,'" large tidal volumes respired slowly. The subject
did complain of thoracic pain while respiring such large tidal volumes
in the cold but continued to favor this respiratory pattern in spite
of the discomfort. It would be interesting to see his response to air
of -50°¢C! In.conclusion it would seem that this subject, C,0., is
capable of producing about 700 calories, plus the concomitant water,
per minute in the mucosa but his respiratory pattern during exercise

precludes complete equilibration of the expired air with the mucosa.
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The air expired is warm but not moist (Tables XVII and XVIII), and
this may indicate a large amount of water being condensed out on the
upper mucosa as the air is being expired. As described previously
high frequency and low Vp produces a decreasing amount of expired water

as minute volume increases,
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The last man listed, subject W.S.,.posed a problem; it was simply
impossible to prompt him to move a large minute volume while doing the
M.B.C. maneuver. At times he seemed to adjust to the ergometric task
with a steady "normal" respiratory rhythm. At other times he loudly
complained that he could not pedal the bicycle ergometer with the
wattage applied. The results of such malingering are clear in the
graph presented in Fig. 13, Only at -24°C did the M,B.C, minute
volume exceed that produced during exercise. 1In most cases the M,B.C,
minute volume contained about 3.5 mg of water per liter less than the
same minute volume of exercise., The other three men who produced
M.B.C. minute volumes equal ﬁo ergometric minute volumes showed only
2 mg water/L STPD less at the voluntary minute volume. Subject W,S.
fell asleep at '"Rest" in the -6°C environment and produced large,
sonorous tidal volumes; this significantly raised the average value
of expired water at Rest, -6°C. The two trials at Rest, -6°¢C produced
30.29 and 37.66 mg water/L STPD; perhaps the larger value should be
discarded. 1In spite of all the confusion of minute volumes produced
under exercise,’Rest or M,B.C, circumstances, W.,S, still shows the
ideal response of increased water expired at exercise and decreased
water at rest and at M,B,C, minute volumes with but two exceptions.
The one instance mentioned above, Rest, -6°C, and the M,B.C, minute
volumes at -24°C, The M.B.C. data contain the following three trials:
25.52, 22.34 and 35,92 mg water/L STPD, Statistically one would be
justified in discarding the last trial. This would make the graph
appear much more ideal with an average value of 23.93 mg water/L STPD

at 38.09 L STPD/min., at -24°C, Since all the data collected has been



included in this report no such statistical skullduggery has been
applied and the mean value of water expired at M,B.C, -24°C stands

unexplained.
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GRAPHIC ANALYSIS: MEAN RESPONSE

The graph which depicts water expired per minute versus minute
volume (Fig. 5) reflects the high correlation between minute volume
of air and minute water expired. At 357C ambient the nearly straight
line has a slope of approximately 36.3 mg water/L STPD. Within the
minute volumes studied the lower temperatures (5°, -6°, -24° and -35°C)
are represented by lines which are nearly coincident and only -35°C
ambient shows any noteworthy change in slope (at about 36 L STPD/min.).
A common average slope for these lines (5°, -6°, -24° and -35°C) over
the range 10 to 40 L STPD/min. would be 30.0 mg water/L STPD, The
curves which describe expired water at all temperatures are well below
that line which describes 37°C and 100% R.H. At no time is the total
expired air 37°C and saturated with water, and of particular note is
the fact that there is an increasing departure from 37°C and 100% R.H.
as minute volume increases; no temperature line is parallel to the 37%
and 100% R,H. line. Also noteworthy is the effect of inspired water;
ambient humidity is a significant part of the expired water at 35°C
and even at 5°C (Fig. 6). Below 0°C, no matter what the temperature,
the ambient air is so dry that one may consider all expired water as
having originated in the respiratory tract. When the capability of the
respiratory tract as a heat and water source is exceeded, the minute
water expired falls, (-35°C, 35 L/min.).

A consideration of minute water lost in expirate (Fig. 6) allows
some interesting conclusions, Note that the 5° and 35°C lines are
below those for the other temperatures, The water added to the res-

pired air is diminished because of the heat and water content of the
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inspirate., The fact that all temperature limes are not coincident
suggests that the heat and water recovered from the air as it is ex-
pired is a fraction of that being added to the inspirate. At low
temperatures a large amount of heat and water is added to the inspirate
but if a fraction of this is recovered during expiration, total expired
water may be small. At the high temperatures, 5° and especially 35°C,
only small quantities of heat and water are added to the inspirate.
During expiration, the mucosa can recover only a fraction of the heat
and water which were added. Reclamation of a fraction of this small
- caloric addition permits a large expiration of water, but this repre-
sents only a small loss of water.

Quantitatively one can assume that a fraction of the inspired air
is brought to 37°C and saturated with water. At 30 L STPD/min. and
-24°C ambient, the mucosa must supply 931.4 mg water per minute to
permit an expiration of 947.2 mg water/min. For the inspirate to be
raised to 37°C and 100% R,H. would require the mucosa to supply 1335
mg water/min., It may be assumed that 403.6 mg of water/min. are re-
covered by the mucosa during expiration. This represents 30.23% re-
covery. At 35°C ambient and 30 L STPD/min. the expired water is 1163
mg water/min. but only 384 mg/min. are actually lost. If the inspirate
were raised to 37°C and 100% R,H. the mucosa would supply 1350 mg water/
min. minus that in the inspirate, 379 mg water/min., and the loss would
be 971 mg water/min. Since only 784 mg water/min. are actually lost,
there must be a recovery of 187 mg water/min. (971 - 784 = 187 mg water/
min,) during expiration; this is 19.0% recovery of that added. At -35°C

ambient and 30 L STPD/min. the following calculation applies:
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Water expired = 929,15 mg water/min.
(as measured)
Water inspired = - 4.71 mg water/min,

O
N
=
I~
~

Actual water loss = mg water/min.

Max. water expired 1350.00 mg water/min.
(as predicted from

379C and 100%

R.H,)

Water inspired

- 4.71 mg water/min.

Predicted loss 1345.29 mg water/min.

Actual water loss - 924,44 mg water/min.

Water recovered = 420.85 mg water/min. or 45,5%

Supposedly 50% recovery of added heat and water is peak mucosal

efficiency15’17’35’53.

The increasing percentage of recovery as ambient
temperature declines indicates that the respiratory mucosa does have a
dual role in air conditioning. A high caloric demand to coadition

the inspired air permits the mucosa an extensive recovery of water and
heat during expiration. A low caloric output by the mucosa to '"condi-
tion" the inspirate leaves the mucosa in a state which prohibits exten-
sive recovery of heat and water. A graph of this thermodynamic property
of the mucosa is probably an exponential curve with an asymptote at

50% recovery.

Using the mean data collected from each subject (individual mean)
and deriving a mean of these seven means yields a group mean. This
group mean is hereafter referred to simply as "mean': The graph (Fig.
4) which depicts the mean water content of each liter of air versus
minute volume (average water mg/L STPD versus L STPD/min.) is baséd

on the four points Rest, 67 watts, 100 watts and M,B,C, minute volume.

It is presented as a graphic summation of the means of Figs. 7 through
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13 and to show that no expirate is saturated with water at 37°C.

The large water content of expired air at 35°C ambient reflects
the significant addition made by inspired absolute humidity (See Table
X1X). This expired water is significantly higher than at any other tem-
perature, but if one considers water lost (expirate minus inspirate,
Fig. 6) there is no significant difference between 35°C and other
temperatures. Water loss at the lower temperatures is depicted by
lines which do differ, but these differences are not consistently
significant until high minute volumes (M,B,C,) are reached, At ambient
temperatures below 35°C all the lines may be considered common up to
the 30 liter STPD per minute mark. At more than 30 L STPD/min. ven-
tilation there is a differential rate of expired water decrement which
is temperature dependent. In most cases this decrease in expired water
is significant at the M.B.C. rates only when the ambient temperatures
differ by about 30 C degrees.

The minute water loss graph (Fig. 6) is applicable to short term
experiments where minute volume is fairly constant; only judicious
compilation of minute volume data during the variety of daily metabolic
rates would allow this graph to be used to determine 24 hour water loss.
Table XX shows essentially the same water loss data but extrapolated
to daily caloric expenditure as a measure of average minute volume,
Table XX presents less exact data for daily water loss than could be
derived from Fig., 6 but its use does not require more than a knowledge

of the daily caloric expenditure.
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Rest

67 watts

100 watts
Combined Work
M.B.C.

5°¢

Rest

67 watts

100 watts
Combined Work
M.B.C.

-6°¢

Rest

67 watts

100 watts
Combined Work
M.B.C.

-24°¢

Rest

67 watts

100 watts
Combined Work
M.B.C.

-359%

Rest

67 watts

100 watts
Combined Work
M.B.C.

TABLE XIXA.

Water Expired Water Inspired

mg/L STPD

37.46
38.46
37.78
38.00
36.54

32.74
31.68
31.18
30.90
28.58

30.63
33.26
33.00
31.86
28.60

30.44
31.69
30.23
30.83
28.83

30.97
31.55
31.74
30.40
25.70

mg/L STPD

12.43
11.91
13.08
12.39
12.51

0.41
0.53
0.53
0.51
0.455

0.16
0.165
0.215
0.20
0.185

NET WATER LOSS IN MG WATER/L STPD

Water Loss
mg/L STPD

25,03
26.55
24,70
25.61
24,03

26.16
24,88
24,38
24,10
21.78

29.12
31.70
31.40
30.30
27.06

30.03
31.16
29.70
30.32
28.37

30.81
31.39
31.52
30.20
25.52
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TABLE

359¢
Rest
67 watts
100 watts
Combined Work
M.B.C.

5%¢
Rest
67 watts
100 watts
Combined Work
M.B.C.

-6°C
Rest
67 watts
100 watts
Combined Work
M.B.C.

-24°¢
Rest
67 watts
100 watts
Combined Work
M.B.C.

-35°C
Rest
67 watts
100 watts
Combined Work
M.B.C.

XIXg.

37°C and 100% R.H.

NET WATER LOSS IN MG WATER/MIN.

Min. Vol.

L STPD/min.

7.26
27.45
31.62
30.68
47.33

7.37
27.18
38.35
33.03
54.55

8.88
30.78
39.78
37.98
52.93

8.35
29.89
39.51
36.34
54.98

8.22
29.45
37.89
35.32
50.78

30
40
55

Expired
Water

mg/min.

271.96
1055.73
1194.60
1165.84
1729.44

241.29
861.06
1195.75
1020.63
1559.04

271.99
1023.74
1312.74
1210.04
1513.80

254.17
947.21
1194.39
1120.36
1585.07

254.57
929.15
1202.63
1073.73
1305.05

395.1
1317.0
1756.0
2414.5

Water
Loss

mg/min.

181.72
728.80
781.01
785.72
1137.34

192,80
676.24
934,97
796.02
1188.10

258.59
975.73
1249.09
1150.79
1432.29

250.75
931.37
1173.45
1101.83
1559.78

253.26
924.44
1194.29
1066.66
1295.91
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PRACTICAL APPLICATION OF RESULTS
In a normal man on a mixed diet the respiratory quotient (R.Q.)

is about 0.85. If the ventilation during a 24 hour period is constant,
and no profound oxygen debt is incurred, the following assumptions can
be made: based on the STPD corrected volumes, every 20.0 L STPD of air
respired equals 1 L STPD oxygen consumed. An R.,Q., of 0.85 equates to
4,862 Kcal./L oxygen STPD consumed. From this is derived a mean minute
volume-daily caloric expenditure chart:

Daily Caloric  Oxygen Consumption Total Respiration Average Minute

Expenditure Required (R,Q. = 0.85) Required Volume Required
Kcal,/day L STPD/day L STPD/day L STPD/min.
6000 1,234.08 24,681.6 17.14
5500 1,131.24 22,624.8 15,71
5000 1,028.40 20,568.0 14,28
4500 925,56 18,511.2 12,85
4000 822.72 16,454.4 11.43
3500 719.88 14,397.6 10,00
3000 617 .04 12,340.8 8.57
2500 _ 514,20 10,284.0 7.14
2000 411,36 8,227.2 5.71

Such calculations, when combined with the data in Tables VI through
X, allow calculation of mean water expired per day (Table XX). This
is only a quasi-quantitative chart since it is derived from several
assumptions which are admittedly questionable, Man does not breathe
at a constant minute volume, especially during exercise., An R,Q. is
rarely constant at 0.85 nor is oxygen uptake fixed at 5% of the respired
air, The mean data listed in Tables VI through X was derived from a
small group (7 men) and may not apply to every individual. In spite of
the approximations involved, Table XX should prove valuable to any
scientist concerned with water balance in man. Simple calculations of

the type given on page 63 will provide data for the caloric loss via



respiration as well.

Table XXI is a concise presentation of approximate hourly water
loss based upon the data presented earlier in this report. The mean
values of water expired per minute and minute volume are treated to
give hourly water expiration. This value was adjusted by the amount

of water inspired to give water loss per hour at various temperatures

and minute volumes.

102



TABLE XX,

Caloric Average
Expenditure Ventilation

Kcal./day L STPD

6000 17.14/min.
24681.6/day

5500 15.71/min.
22624 .8/day

5000 14.28/min.
20568.0/day

4500 12.85/min.
18511.2/day

4000 11.43/min.
16454 .4 /day

3500 10.00/min.
14397.6/day

3000 8.57/min.
12340.8/day

2500 7.14/min.
10284.0/day

2000 5.71/min.
8227.2/day

35°C*

937.9

859.7

781.6

703.4

625.3

547.1

462.3

385.2

308.2

DATILY CALORIC EXPENDITURE AND WATER EXPIRATION

Mean Water Expired

Grams Water/day

5%¢*

762.6

699.1

635.6

572.0

508.4

444.9

404.0

336.7

269.4

-5%

786.4

720.8

655.3

589.8

524.2

458.7

378.0

315.0

252.0

-25%

760.9

697.5

634.1

570.7

507.3

443.9

375.6

313.0

250.4
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-35%

750.3

687.8
625.3
562.7
500.2
437.7
382.2
318.5

254.8

Daily water expired during a 3500 to 6000 Kcal. day is calculated from

Combined Work data; daily water expired during a 2000 to 3000 Kcal, day

is calculated from Rest data.

* Subtract inspired water (A.H.) to get water loss at 35° or 5°C.
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TABLE XXI., APPROXIMATE NET HOURLY WATER LOSS AT VARIOUS
TEMPERATURES AND MINUTE VOLUMES

Minute Volumes L STPD/min.

Ambient
Temperatures 3 - 12 15 - &4 45 - 85
350C 4.5 - 18.0 gm/hr. 23.0 - 67.6 gn/hr. 64.9 - 122.6 gm/hr.
59 4,7 - 18.8 gm/hr. 21.7 - 63.6 gm/hr. 58.8 - 111.1 gm/hr.
-59C 5.5 - 22.0 gm/hr. 28.7 - 84.1 gm/hr. 77.2 - 145.9 gm/hr.
-25°¢c 5.5 - 21.9 gm/hr. 27.8 - 81l.4 gm/hr. 77.8 - 147.0 gm/hr.
-35°c 5.6 - 22.3 gm/hr. 27.4 - 80.3 gn/hr.  69.4 - 131.1 gm/hr.



CONCLUSTIONS

The data collected for this experiment are not sufficiently con-
clusive to permit a completely quantitative description of all the
variables which affect respiratory water loss. Based upon the litera-
ture cited and the data presented in this report, it can be concluded
that there are four variables which can alter the water content of
expirate at sea level, namely: ambient air temperature, ambient hu-
midity, respiratory tidal volume and respiratory frequency. Gas den-
sity or ambient atmospheric pressure, a fifth variable, will be dis-
cussed in Part II of this rxeport. In Part I no one of the four
variables cited can be considered a dominant or controlling factor
of expired water unless that variable is extreme, Each variable re-
presents a continuum of affect on expired water, and for a man at rest
in a temperate environment, small changes in any one variable have no
measurable effect on expired water.

In practical field situations, it is rare that one variable would
change while others would remain fixed, yet the descriptive equations
which evaluate the effect of each variable are derived from just such
a situation. Because of the wide variations in individual response to
changes in the variables and the impractical nature of finite changes
in only one of the variables, it is perhaps best to present conclusions
which are qualitative and generally broad in scope.

Tidal volume (Vp) and breathing frequency are the two physiological
variables which can alter the water content of expired air. Any one
individual will show a wide variety of Vp and frequency combinations

and in this experiment conclusive measurement of these was not obtained.
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In any one experimental enviromment a subject will display an increase
in expired water as he shifts from nasal to oral respiration or as he
increases his Vg in response to exercise. These individual changes
are minute, and are lost when averages are derived from the data.
Derivation of average values does permit the plotting of a flattened
arc-like curve to represent expired water as a function of minute
volume (Fig. 4). At low minute volumes (Rest) there is a minimum
amount of water expired. As minute volume increases with exercise,
there is an increase in Vp. This increased Vp plus the increased
blood flow in the turbinates occasioned by exercise, both prompt an
increment in expired heat and water. At higher minute volumes the
demands for heat and water to '"condition'" the inspirate soon exceed
thé capabilities of the respiratory mucosa as a heat and water source
and expired water declines. The minute volume associated with the
decrement in expired water is a direct function of the ambient tempera-~
ture. It seems that the human respiratory mucosa is capable of producing
1.0 to 1.2 Kecal, per minute, This can represent the heat and water
added to 40 L STPD/min. at -6°C ambient or to 37 L STPD/min. at -35°C
ambient temperature. A minute volume which requires more than 1.2 Kcal.
per minute for 'conditioning' results in an exceedingly low water content
of the expired air.

The flattened arc which describes water expired versus minute
volume is thus the resultant of: 1. great mucosal efficiency at low
minute volumes, where both heat and water are extensively recovered
from the air during expiration; 2. an increased loss of heat and water

’

as minute volume increases in response to exercise; 3., a rapid decline
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in mucosal efficiency as caloric demands for conditioning the respired
air exceed the capabilities of the circulation-mucosal system.

The mucosa fails as a heat and water source for respired air at
some large minute volume (M.B.C.) which is determined by ambient
temperature; the lower the temperature the lower the minute volume at
which mucosal deficiency occurs, The point of mucosal dysfunction is
characterized by low expired water and usually lower expirate tem-
perature, and is often accompanied by discomfort in the upper respira-
tory tract,

The wet bulb temperature is an elegant description of an environ-
ment, not only because it describes both ambient temperature and mois-
ture, but because it is the wet bulb temperature effect (enthalpy)
which impinges on respiratory water loss. At high ambient temperatures,
above 10° or 15°C, there is nearly a linear relation between absolute
humidity (A,H,) and expired water, As A,H, increases so does the amount
of water in the expirate, but actual water loss via the expired air
is reduced, Because the respiratory mucosa does not lose any great
amount of heat and moisture upon inspiration in a warm environment,
the percent of heat and moisture recovered upon expiration is small,

25% or less, At temperatures below 5°C, the A,H, becomes vanishingly
small and expired water tends to become fixed at around 30 mg/L STPD,
Temperatures of 5° or -35°C show nearly identical amounts of water
expired, while water loss differs only to the extent of inspired water
or A,H. At an A,H. below 7 mg water/L STPD (100% R,H, at 5.5°C),
there are no significant changes in expired water as a result of

changes in ambient temperature and humidity, At A H, above this 7 mg
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water/L STPD, the amount of water inspired does prompt a linear increase
in the amount of water in the expirate while producing a significant
decrement in the net respiratory water loss.

Changes in either humidity or ambient temperature will not pro-
duce a significant change in expired water, in the range of 35° to
-35°C or 15 to 0 mg water/L STPD A,H, However, changes in both ambient
temperature and A, H, (wet bulb) will produce significant changes in
expired water. A complete description of any enviromment should there-
fore include both ambient temperature and absolute humidity as necessary

thermodynamic quantities which impinge upon respiratory water loss.



PART II
INTRODUCTION

Part II of this report is concerned with the collection of expired
water data at altitude, The opportunity to continue the expired water
studies on top of a 13,800 foot mountain (450 mm Hg total pressure) in
the Arctic was eagerly accepted by the experimenter. The same experi-
mental design used at sea level was envisaged for the work at altitude,
but provisions were made for drastic modifications which might be nec-
essary, contingent upon the actual site. Certainly greater control
of experimental details could have been attained in a hypobaric cham-
ber, but the nature of the work dome on Mount Wrangell affords a unique
reward for the practical physiologist.

Few workers in the field of insensible water loss have investigated
the effects of reduced atmospheric pressure20’37’46. These workers re-
port a small but consistent decrement in the water content of expired
air at real or simulated altitudes, but their investigations were
limited to men at rest in a warm environment. Consequently there was
almost no precedent for procedure or results,

One problem inherent in the study of respiratory water loss at
altitude is the confusion of factors which may be used to correct the
respired air volumes. Correction of air volumes to STPD allows the
results to be presented in a familiar form which facilitates calcula-
tion of oxygen consumption, for example. Such a correction, however,
carries a salient artifact when used in conjunction with any measure-

ment of water wvapor.
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Water vapor pressure at any given temperature is unchanged at

26 At 37°C complete saturation of air, 47 mm

altitudes up to 20 km.
Hg partial pressure water, would account for 10,47 of the total atmos-
pheric pressure on the mountain (450 mm Hg atmospheric pressure) but
only 6.18% of the total pressure at sea level (760 mm Hg). A correc-
tion to STPD will nearly halve the volumes collected at altitude, but
since the water content is fixed, this correction doubles the mg of
water/liter STPD of air expired. The choice of air volume correction
factors for the treatment of data can have considerable influence on

the results,

The use of human subjects for respiratory studies at altitude
adds a decided amount of imprecision to an experiment. Man is extremely
variable in his physiological adjustments to hypobarism and it is im-
possible to account for individual variations in the respiratory and
cardiovascular responses to high altitude. Assume that oxygen con-
sumption is fixed at both sea level and altitude (this may not be
strictly true, but it is not decreased by more than 10% at altitude);
the minute volume of respiration required to supply this oxygen at 450
mm Hg total pressure is almost double that required at sea level. Any
measurements which must be reported with units of respiratory minute
volume at altitude must necessarily contain all the variations in res-
piratory adjustment which typify man in a hypobaric environment. A
lengthy discussion of the variations in the physiology of hypobarism
is obviated by reporting all expired water as mg water/liter with some
substantiation for the choice of the volume correction factors used.

Any effort to quantify the respiratory water loss at altitude
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must also include some prior discussion of the changes in the physical
character of hypobaric air. Data for real gases is often lacking and
is sometimes quite disparate from the data presented for ideal gases.
A change from 760 mm Hg to 450 mm Hg pressure demands a change in
ideal air density of 35,8%. Yet the functional decrease in molar
volume or air demnsity at 450 mm Hg pressure is 36.8%26.

The molar heat cap;city of an ideal gas at constant volume (CV)
or at constant pressure (Cp) is independent of pressure or temperature
respectively, At the temperatures studied in this report air is ap-
proximately an ideal gas. The thermal conductivity of a gas is inde-
pendent of the orthobaric demsity (d/p) at pressures of one atmosphere
or lower but is linearly dependent upon viscosity. The change in the
viscosity of a real gas as a result of changing pressures amounts to
only 2.4 x 10-7 Poise per atmosphere. Thus the thermal conductivity
of air per se, remains nearly the same at both sea level and at 13,800
feet altitude., The molar heat capacity, which changes as a function
of demsity or molar volume, will permit the same number of calories to
heat a larger volume of air at altitude than is heated at sea level.
Alternately, for a unit volume of gas measured at ambient pressures, a
fixed number of calories will increase the temperature of the gas at
450 mm Hg pressure 35.8% more than the temperature increment manifested
by that gas at 760 mm Hg pressure, More specifically, the same number
of calories which change 500 cc (VT) of air at 760 mm Hg pressure from
20° to 37°C will change 500 cc of air at 450 mm Hg from 20° to
42.09°¢28:66:67  goe Anpendix D.

Another approach to the thermodynamic changes of respired air at



i12
altitude utilizes the uniform lapse rate cited by meteorologists,
Moist air changes by 1°C for every 100 meters of altitude. If one
assumes proper mixing and stable equilibria, then air is isoentropic.
Relating this "entropy of the air'" consideration to respiration thermo-
dynamics at altitude, it is concluded that air respired at 13,800 feet
is equivalent to air respired at sea level, but with a 42°¢ higher
temperature, This too would predict a higher expired temperature and
water content at altitude,

The calculations given in Appendix E list another change in the
thermodynamic properties of air resultant from a decrease in density.

A Reynolds number (NR) of 2000 or more indicates turbulent flow. A
fixed rate of air flow (minute ventilation) which produces an NR of
2000 at sea level will, under the same conditions of temperature and
viscosity, produce an Np of only 1284 at altitude. To maintain turbu-
lent flow (NREZ 2000) at 13,800 feet altitude a subject would have to
display a flow rate (L/sec.) of 57.32% more than the sea level minute
ventilation., A change from turbulent to laminar flowing air greatly
reduces the rate of heat and mass transfer. Laminar flowing air moving
through a heated pipe may even display laminated or stratified
temperature increments.

The human respiratory tract is not easily described by the equa-
tions common to heating and ventilating engineers; the respiratory
tract is capable of changes in diameter as well as changes in tempera-
ture and surface moisture, It would be impossible to describe the
respiratory tract as a constant heat and mass transfer system, but even

as a variable system liable only to qualitative description, the changes
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in the respiratory mucosa coupled with the altered thermodynamic
properties of air resulting from the decrement in gas density at
altitude can be used to qualify some of the data collected.

In review, the ambient pressure differential between sea level
and 13,800 feet imposes a decrease of 35.8% in air density at altitude.
This decreased density at altitude means 35.8% less calories are re-
quired to heat a unit volume of air at altitude than are required for
the same temperature change per unit volume at sea level. The caloric
saving can be considerable and amounts to 1.93 calories for each VT of
500 cc going through the temperature change of 0° to 37°C. This caloric
saving, 1.93 calories at altitude, is derived for a volume of 500 cc of
dry air; the addition of water to the air complicates the calculations
immensely., Suffice to say, the decreased air demsity at altitude
permits the respiratory mucosa to heat each tidal volume of respired air
with a lesser expenditure of calories. As a consequence of this, the
upper respiratory tract will have a higher temperature at the end
inspiratory position. Upon expiration there will be a small recovery
of heat and moisture by the mucosa, The smaller the temperature dif-
ference between the air and the mucosa, the smaller is the amount of
heat transferred per unit time. The mass transfer (water) from air
to mucosa follows the same rules: water vapor will not condense out of
air on to a mucosa which is as warm and moist as the air itself, Thus,
when comparing 500 cc of air respired from equal ambient environments
but at different atmospheric pressures, it could be theorized that the
air expired at altitude would have a heat and water content higher than

the air expired at sea level,



114

It is thermodynamically permissible to equate the number of calories

per unit time removed from the respiratory mucosa to a small temperature
change in a dense volume of gas or to a large temperature change in a
less dense volume of gas. The result of these thermodynamic specula-
tions is that the expired water which results from respiring cold air
at altitude may be roughly equated to the expired water produced when

breathing warmer air at sea level.



EXPERIMENTAL PROCEDURE AND DATA

The Arctic Aeromedical Laboratory participated in a high altitude
project in 1965. This experiment, '"FACT" (Fitness, Altitude, Cold
Tolerance), utilized two groups of men. One group had undergone a 6
month period of intensive physical conditioning; the other, the so-
called sedentary group, was actually composed of quite athletic men
as well,

In May 1965 the "FACT" groups were flown into the high altitude
station on Mount Wrangell, Alaska, at a height of 13,800 feet. Most
of the high altitude respiratory water loss determinations were per-
formed on people who had been at altitude for 8 days or more. Only
three men, Kingsley, Pratt and the author (Buck) participated in the
preponderance of determinations at altitude, although four other men
also donated some time as subjects. Data collected at sea level, both
before and after the Mount Wrangell experiment on the same seven men
and under the same conditions of temperature and minute ventilation,
completed the altitude-sea level comparative respiratory water loss
study.

These seven men used as subjects were healthy adult males ranging
in age from 18 to 40 years. Weight varied from 62 kg to 80 kg and body
surface from 1.62 to 2,20 m2. The men were well nourished by C rations
and all had about equal fluid intake, Each man had several tasks to
perform daily, consequently, the men were always in a non-basal state
at the time of the tests. No signs or symptoms of respiratory pathol-

ogy, malaise or apathy were obvious in the men at the time of testing.
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The great dissimilarity between the facilities at the U,S.A.F,
Arctic Aeromedical Laboratory at Fort Wainwright, Alaska, and the
research site maintained by this organization on top of Mount Wrangell,
demanded separate methods of determining ventilatory volumes. The
drying units, tubing, balance, etc. were the same ones used at sea
level, but the mask used on Mount Wrangell was a modified H,I. anes-
thesia mask with a standard Siebe-Gorman respiration valve inserted,

The inflatable rim on the mask allowed an airtight fit on each subject's
face; the mask was held in place by the subject, no harness or straps
were used. This mask had a dead space of 55 to 70 ml when worn,

A standard oxygen consumption rate (B.M.R.,) was determined as part
of another experiment on Mount Wrangell and a few water loss determi-
nations were performed as a secondary aspect of these tests, A 13.5
liter Collins respirometer was charged with pure oxygen and a pair of
drying units (primary and "trap') was inserted between the mask and
the respirometer inlet. Volume of expired air was determined from the
respirometer chart and water loss was by the previously described
procedure (weight gain of drying units, hoses and mask). These data
collected using pure oxygen as the breathing gas were considered unique,
but later calculations showed no apparent difference between respiratory
water loss while breathing room air or pure oxygen in this experiment.
The volumes collected during these BM,R. tests were corrected for tem-
perature, atmospheric pressure, water vapor and exhaled carbon dioxide
which was absorbed (average correction of 5% was used). It is important
to note that the 5% (COZ) correction of volume was added after the

volumes were reduced to STPD, Since these B,M.R, tests were suspect
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during the experiﬁent, less than 15% of the total data used for altitude
was from B,M,R., tests.

Another volume determination system was devised which eliminated
the possibility of the so-called 'drying effects" of breathing pure
oxygen from a small spirometer. The subjects respired ambient air into
a 200 liter Douglas bag, through the previously described arrangement
of mask, drying units and tubing. The volume of gas in the bag was
then determined in one of two ways. A gas flow meter previously
calibrated at sea level was used; if the Douglas bag was rolled so as to
expel about 80 liters per minute the flow meter was a reliable (+7%)
method of measuring the volume of the bag. A calibration factor of
0.95667 was used to correct all flow meter readings before any volume
~corrections to STPD, etc., were applied, A second method of volume
measurement was used to cross check and calibrate the flow meter. This
method involved emptying the Douglas bag into the 13.5 liter respirom-
eter in aliquots of about 13 liters. The respirometer pens traced a
vertical line of the chart paper; an addition of these lines, properly
corrected, gave a +3% variation in volume. The carbon dioxide absorb-
ent was removed when thé respirometer was thus employed as a simple
gasometer.

In summary, the logistic limitations on equipment on the Mount
Wrangell site imposed a maximum error of +8% in the air volume deter-
minations performed there. There were apparently no errors involved in
the collection, absorption and weighing of the water content in these
air volumes.

The natural environment at 13,800 feet and 62° N, Latitude (Mount
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Wrangell) in May and June is less than balmy. An average daytime
temperature of 0°C was made quite comfortable, however, by the intense
solar radiation. The frequent high winds (up to 100 m.p.h,) vastly
increased the chill factor and, of course, the nighttime temperatures
were considerably lower than 0°C. The housing on the mountain site
was built over a hot volcanic magma stratum; the floor temperature of
the housevexceeded 40°C and the room temperature was quite constant
around 25°C., There was an entrance room to the house which, although
it offered shelter from the wind, did not differ much from the ambient
outdoor temperature of 0° to -20°C,

These two locales, inside the house at about 25°C and in the
entrance room at about 0°C, were used as the two experimental environ-
ments, and although both rooms showed temperature variations, these
were the two temperature categories listed for the high altitude
determinations. Relative humidity was measured consistently only
inside the house; it varied 237 to 407 and averaged 33%, Entrance room
R,H, was assumed to be 100%.

The respiratory rates surveyed on the mountain were limited; Rest
or B.M.R, were resting state determinations, B.M.R. emplqyed pure
oxygen as breathing gas, M,B,C, was again maximum breathing capacity,

There was no ergometer or other exercise device available at the
Mount Wrangell site; instead, a metronome was used at 70 beats per
minute (+3 beats/min.) to prompt a respiratory rate of 35 inhalations
and 35 exhalations per minute (35 Bpm). Thus, respiratory frequency

was controlled but respiratory tidal volume was not. There was no
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control of frequency or volume during B.M.R, or Rest or during M.B.C,
determinations.

The data actually collected for each determination at altitude were
identical to those collected at sea level, Each trial was represented
by: Name, Date, Ambient Temperature, Relative Humidity, Atmospheric
Pressure, Weight of Water Expired, Volume of Air Expired, Total Time
of Expiration, and Rate (Rest, 35 Bpm oxr M,B,C.). Time of Day and Wind
Velocity were also often recorded,

The data as collected were carefully corrected for carbon dioxide
absorbed, flow meter factors, etc., where necessary, and then submitted
to an IBM 7040 computer for correction and compilation. The computer
reduced all the data to two standard forms on coded cards; these cards
were then the source deck for all later statistical analyses performed
by the computer,

The literature in the field of respiratory water loss is often
confused because the experimenter did not state the conditions which
prevailed when the expired air volumes were measured. Too often the
reader must assume that the report of mg water/liter refers to volumes
measured at ambient pressures and probably water saturated as a con-
sequence of being measured in a respirometer. 1In this report only two
volume corrections are used: 760 mm Hg pressure, 0°C, dry (STPD) and
450 mm Hg pressure, 0°C, dry. The choice of STPD is arbitrary; the
selection of 450 mm Hg, 0°C, dry, was based upon the prevailing ambient
pressure at 13,800 feet altitude. This pressure varied only by a few
millimeters of mercury on a daily basis and thus an average factor of

450 mm Hg was used, The common factors used, 0°C and dry, permit a
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univariant comparison of data., Since a variety of methods were used
to collect the expired air volumes (Douglas bags, respirometers), the
choice of "dry' air volumes seemed more logical than '"saturated with
water" at 0°C.

The air volumes expired at altitude were corrected to standard tem-
perature and pressure, dry (STPD) and to 450 mm Hg, 0°C and dry by the
computer. Fach corrected volume was then used to determine mg water
expired/L (total water divided by total expired air volume). The two
volume corrections applied resulted in two sets of expired water data
derived from the experiment. One entitled "Altitude" lists mg water
per liter of expired air at 450 mm Hg, 0°C and dry. The second set of
data headed "Altitude Corrected" gives mg water per liter of expired
air at 760 mm Hg, 0°C and dry (STPD).

The use of two correction factors for air volumes expired at
altitude allows the data collected at altitude to be used for diverse
comparisons of the variables studied. Correction of volumes to STPD
provides a common basis for the derivation of regression equations which
will express mg water expired per liter of air STPD. These equations
can be used in the same manner as those derived for the sea level work
and permit calculations of heat and water losses using the familiar
STPD volumes of air. The "Altitude" correction of air volumes (450
mm Hg, 0°C, dry) provides an estimate of water expired at ambient
atmospheric pressure and this allows an elucidation of the physiological
and thermodynamic aspects of respiratory water loss at altitude,

In this description of double correction factors and diverse

comparisons of data one salient point is unresolved. The expression
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of expired water as mg water per liter of air, negates any comparison
of the differential minute ventilation between a man at sea level and
one at altitude. Only a discussion of minute expired water as a func-
tion of minute ventilation reflects this important physiological aspect
of hypobarism.

The multiplicity of volume correction factors and the constant
water vapor pressure at both sea level and altitude necessitate the
use of absolute humidity for the description of any environment., Hu-
midity in this experiment was always measured as R,H,, but conversion
of this to A.H, produces the following list:

Actual Temperature Measured R,H., Average A,H.
(mg water/L

air STPD)
Sea Level
25°C 22° to 28°cC 22% to 49% 5.53
average 259C average 247%
0°¢ -129 to +3°C 70% to 100% 3.38
average -4,5°C assumed 100%
Altitude
25°¢ 18° to 29°C 23% to 40% 7.60
average 25°C average 33%
0°C -19° to 4+2°C assumed 100% 2.53

average -8°C
The same method of collecting respired air temperatures des-
cribed in Part I of this report was used in the Part II experiments.
The respiratory mask used for the altitude-sea level comparative study
was slightly different from that used in Part I but this necessitated
only a slight change in the placement of the thermistors used, The

Siebe-Gorman valve has inhalation and exhalation ports on opposite
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sides of a "T" pipe, the thermistors were placed inside the valves but
not touching the skin of the subject wearing the mask nor the valve
proper., Such respired air temperature measurements are summarized in
Table XXIV,

The same statistical procedures used in Part I were applied to Part
IX, 1In fact, all the data collected for both parts of the experiment
after correction to standard form, were analysed jointly. This per-
mitted the comparisons and correlations already noted in Part I as
well as those presented in Part II, The computer was first programmed
for a regression analysis of the corrected data. The results of this
analysis are presented in Table XXII, The same form used for Tables
VI through X in Part I is used for Table XXII, Therefore, only an
abbreviated legend is offered for Table XXII:
"Sea Level' and "Altitude Corrected" list STPD volumes.
YAltitude" has volumes corrected to 450 mm Hg, 0°C, dry; all show
the ambient temperature.
"n" = number of trials used to derive the data given.
WY = average minute volume in L/min., (L corrected according to
the "Environment').
"X int." = 95% confidence interval of "X",
"y = average expired water in mg/L (L corrected according to

"Environment').

"Y int." = 95% confidence interval of "Y",
"Equation" given in the form Y = bX + a where:
"Y' = mg water/L expired,

"X" = respiratory minute volume in L/min.,
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2

"b" = slope of the line, mg water . min. / L°,

a" = intercept where X = 0 in mg water/L,

Below each equation is the range of minute volumes for which that
equation is applicable,

'"Rest" means the resting rate of minute ventilationm.

'35 Bpm" means 35 breaths per minute as cued by a metronome.

"™M,B.C." means maximum breathing capacity.
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TABLE XXII, SEA LEVEL AND ALTITUDE ENVIRONMENTAL

CONDITIONS, REGRESSION EQUATIONS

Environment n L/min., IL/min.

X X int.

Sea Level, +25°C*

Rest 7 7.84 +
35 Bpm 6 22,49 +
M.B.C, 7 55.55 %
Sea Level, OOC*
Rest 5 8.34 +
35 Bpm 7 20.14 +
M.B.C. 5 51.31 #

Altitude Corrected,
Rest 9 6.68 +
35 Bpm 10 16.22 +
M.B.C. 6 49.25 +

Altitude Corrected,

Rest 4 5,76 +
35 Bpm 5 19.09 +
M.B.C. 6 39.85 +

1.44
6.12

16,37

1.14
5.50

16,27

%
+25°¢"
1.22
8.36

9.62

0°
1.60
5.25

17.44

mg Water mg Water

/L
Y

34,57
35.87

35.06

38.51
29.38

33.11

49.75
46,14

54,65

60,23
54,31

45.98

/L

Y int,

I+ I+

1+

I+ I+

1+

I+ 1+

14

I+ I+

I+

4,28
3.60

4,04

6.80
2.98

3.69

10.66
7.49

6.62

11.70

10.03-

6.85

Equation

0.5284 X + 30.43
5 - 10 L/min.
-0.1743 X + 39.79
15 - 25 L/min, ‘
-0.1447 X + 43,10
34 - 61 L/min.

-2.8844 X + 62,55
6 - 24 L/min.
0.1015 X + 27.34
12 - 28 L/min.
-0.1358 X + 40.08
33 - 69 L/min.

-1.9887 X + 63,03
4 - 12,5 L/min.
0.7731 X + 33.60
6 - 28.5 L/min,
-0.4170 X + 75.19
33 - 62 L/min.

-6,2276 X + 96,07
3 - 8 L/min.
-1.2814 X + 78.77
13 - 26.5 L/min.
0.1086 X + 41,65
23 - 66.5 L/min.
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Environment n
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(CONTINUED) SEA LEVEL AND ALTITUDE ENVIRONMENTAL
CONDITIONS, REGRESSION EQUATIONS

L/min.

X

fek
Altitude, +25°C

Rest 9
35 Bpm 10
M., B.C. 6

11.28
27,31

83.18

Altitude, 0°0c**

Rest 4
35 Bpm 5
M.B.C. 6

L. corrected to STPD

9.72
32.25

67.31

L/min.

X int.

I+ 1+

1+

1+ I+

I+

3.68
14,17

16.25

2.69
10.27

29.46

mg Water mg Water

/L
Y

29,46
29.28

32,36

35.66
32.16

27,22

L corrected to 450 mm Hg, 0°C, dry

/L

Y int.

I+ I+

1+

I+ I+

I+

6.28
6.53

3.92

6.93
5.06

4,05

Equation

-0.6971 X + 37.32
8 - 21 L/min,
0.1915 X + 24,05
10,5 - 48 L/min.
-0,1462 X + 44,53
56 - 104,5 L/min,

-2.,1836 X + 56.88
6 - 13 L/min.
-0.4491 X + 46.63
22 - 44,5 L/min.
0.0381 X + 24,66
32,5 - 112 L/min.
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Student's '"T test' was applied to the differences in water content
of expirate for the variables listed in Table XXII (Rest, 35 Bpm and
M.B.C. at both 25° and 0°C). The results are listed in Tables XXIII,
XXIV and XXV wherein ''ND" indicates no difference, "SD" indicates a
significant difference at P = 0.05, and "VSD" indicates a difference
at the P = 0,01 level. The same data were used for both the "Altitude"
and the "Altitude Corrected" listing, i.e., volumes corrected to 450
mm Hg, 0°C, dry; and 760 mm Hg, OOC, dry respectively. An abbreviated
table (Table XXIIIL) is sufficient to allow all comparisons, since all
"Altitude" data are very significantly different (VSD) from any "Alti-
tude Corrected' data.

Table XXIV contains the results of 'T tests" for differences
between the sea level expired water data collected in Part I and the
sea level data of Part II. Such comparisons permit a check on the
validity of the experimental methods used in Part II compared to the
more elaborate and precise measurements used in Part I, As expected,
the significant and very significant differences in expired water
usually arise between widely separated ambient temperatures or dis-
parate minute volumes.

Table XXV lists the differences ('T test") between water expired
at sea level from Part I of this experiment and that expired at altitude,
Part IT data. Although different subjects and different conditions
were used to collect the data in Parts I and IIL, valid comparisons
can be made between the water expired at altitude and that expired at
sea level regardless of the experimental differences, Table XXV affords

an extension of the comparisons of sea level versus altitude expired



TABLE XXIII.

Sea Level 25°C

Rest

Sea Level 25°C

Rest same

35 Bpm ND

M.B.C. ND
Sea Level 0%

Rest ND

35 Bpm SD

M.B.C. ND
Altitude Corrected 25°C

Rest VSD

35 Bpm SD

M.B.C, VSD
Altitude Corrected 0°¢

Rest VSD

35 Bpm SD

M.B.C. SD
Altitude 25°C

Rest ND

35 Bpm ND

M.B.C. ND
Altitude 0°C

Rest ND

35 Bpm ND

M.B.C. VSD

Sea Level 0°C

Sea Level 0°C

Rest same

35 Bpm VSD

M.B.C. ND

COMPARISON OF WATER EXPIRED UNDER
VARIOUS AMBIENT CONDITIONS

35 Bpm

same

ND
VsSD

VSD
VSD
VSD

VSD
VSD
VSD

SD
SD
ND

g8

VSD
same
ND
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M.B.C.

ND
ND
same

ND
SD
ND

VSD
VSD
VSD

VSD
VSD
VSD

ND
ND

ND
ND

same



TABLE XXIII.

Altitude

Rest
35 Bpm
M.BIC.

Altitude
Rest
35 Bpm
M.B.Cl
Altitude
Rest
35 Bpm
M.B.C.
Altitude
Rest

35 Bpm
M.B.C.

Altitude

Rest
35 Bpm
M.B.Cl

Altitude
Rest

35 Bpm
M.BIC.

Altitude

Rest
35 Bpm
MIB.C.

Corrected ZSOC

Corrected 0°C

25°¢

0cC

25°¢c

0°C

0°%¢

Sea Level 0°C

Altitude 25°C

Altitude 0°C

Rest

ND
VSD

VSD
SD
ND

SD

SD

VSD

same
ND
ND

=
o

same
ND

35 Bpm

VSD
VSD
VSD

VSD
VSD
VSD

z
o

§88

same

ND

ND

same
ND
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(CONTINUED) COMPARISON OF WATER EXPIRED UNDER
VARIOUS AMBIENT CONDITIONS

M.B.C,

VSD
VSD
VSD

VSD
VSD
VSD

5§88

ND
ND
SD

ND

same

ND

SD

ND
ND
same
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TABLE XXIV. COMPARISON OF WATER EXPIRED UNDER VARIOUS AMBIENT
CONDITIONS, SEA LEVEL VERSUS SEA LEVEL

25°%¢  25%  25% 0°¢c 0% °

0°c
Rest 35 Bpm M.B.C. Rest 35 Bpm M.B.C.
+35°¢
Rest ND ND ND ND VSD VSD
67 watts VSD ND SD ND VSD VSD
100 watts SD ND ND ND VSD VSD
Combined Work SD ND ND ND VSD VSD
M.B.C. ND ND ND ND VSD ND
+59¢
Rest ND ND ND ND ND ND
67 watts SD VSD VSD VSD SD ND
100 watts ND VSD SD VSD ND ND
Combined Work VSD VSD VSD VSD ND ND
M.B.C. VSD VSD VSD VSD ND VSD
-6°C
Rest ND SD SD VSD ND ND
67 watts ND ND ND SD SD ND
100 watts ND ND ND SD SD ND
Combined Work ND SD ND VSD ND ND
M.B.C. VSD VSD VSD VSD ND SD
-24°¢
Rest ND SD ND SD ND ND
67 watts ND SD SD SD ND ND
100 watts SD SD SD SD ND ND
Combined Work SD SD SD VSD ND ND
M.B.C. SD VSD VSD VSD ND SD
-35°¢
Rest ND SD ND SD ND ND
67 watts ND SD ND SD ND ND
100 watts ND ND ND SD ND ND
Combined Work ND SD SD SD ND ND

M.B.C. VSD VSD VSD VSD SD VSD
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TABLE XXV, COMPARISON OF WATER EXPIRED UNDER VARIOUS AMBIENT
CONDITIONS, SEA LEVEL VERSUS ALTITUDE

25°¢ 25°¢ 25°¢ 0°¢ 0°¢ 0°C
Rest 35 Bpm M.B.C. Rest 35 Bpm M.B.C.
+35°C
Rest VSD VSD VSD ND VSD VSD
67 watts VSD VSD VSD ND VSD VSD
100 watts VSD VSD VSD VSD VSD VSD
Combined Work VSD VSD VSD ND VSD VSD
M.B.C. VSD VSD SD ND SD VSD
+50¢G
Rest ND ND ND ND ND SD
67 watts ND ND ND SD ND VSD
100 watts ND ND ND ND ND SD
Combined Work ND ND ND SD ND SD
M.B.C. ND ND SD VSD ND ND
-6°¢C
Rest ND ND ND ND ND ND
67 watts SD SD ND ND ND SD
100 watts ND ND ND ND ND VSD
Combined Work ND ND ND ND ND SDh
M.B.C. ND ND VSD VSD ND ND
-24°¢
Rest ND ND ND ND ND ND
67 watts ND ND ND ND ND SD
100 watts ND ND ND SD ND ND
Combined Work ND ND ND SD ND SD
M.B.C. ND ND ND SD ND ND
-35°¢
Rest ND ND ND ND ND ND
67 watts ND ND ND ND ND SD
100 watts ND ND ND ND ND ND
Combined Work ND ND ND ND ND ND

M.B.C, ND ND SD VSD VSD ND
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water. The discussion of data, however, is limited to that actually
collected using the same subjects,

A "T test" for the difference between the actual amount of water
found in the expirate and complete saturation with water at 37°Cc (43.76
mg water/L STPD) showed that at no temperature or minute volume was
the air expired at sea level ever water saturated at 37°C (P = 0.05
or less) with but one exception. The resting rate of minute volume at
0°c and sea level does produce an expirate which could contain 43.75
mg water/L STPD in 25 out of 100 subjects examined (P = 0.25). No
subject examined in this experiment ever displayed such a large amount
of expired water under the conditioms of OOC, Rest at sea level, but
the variability of data collected was such that the statistical analysis
of the results dictates that one might expect 25 out of 100 cases to
show this amount of expired water in a liter of air.

The "T test" for water saturation at 37°C for the altitude data
is confused because of the differential correction factors (760 and
450 mm Hg). Any physiological comparison of water per liter expired
at sea level and water per liter expired at altitude but corrected to
sea level atmospheric pressures would be meaningless; the constant
water vapor pressure at all altitudes as described on page 110 pre-
cludes such a comparison. However, a comparison of the mg of water
expired per liter of air at both ambient pressures (760 mm Hg versus
450 mm Hg) is valid. Such a comparison shows that at altitude under
the conditions of 25° or 0°C at any minute ventilation from 7 to 99.4
L ambient/min, the expired air never contains as much as 43.76 mg of

water per liter, i.e., 100% R,H,. at 37%.
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In addition to Student's "T tests" mentioned, several correlation
coefficients were derived from the data. The first correlated mg

water/min. with expired air, L/min. These correlations are labeled

"r min." with the number of trials used listed under "n".
T min. n
Sea Level 25°C 0.9830 25
Sea Level 0°¢ 0.8697 15
Altitude or Altitude Corrected 25°¢ 0.9536 25
Altitude or Altitude Corrected 0°c 0.7577 15

These uniformly high correlation coefficients do indicate a strong
positive relation between expired water per minute and expired air
volume per minute. Such a correlation establishes the efficiency of
the experimental design.

A second correlation coefficient was derived which correlated
expired water in mg/L (STPD) with liters (STPD) of air expired per

. 11} -
minute. These values for ''r liter vere as follows:

T liter n
Sea Level 25°c  -0.1304 25
Sea Level | 0°C  -0.3610 15
Altitude or Altitude Corrected 25°C -0,4922 25
Altitude or Altitude Corrected 0°%c  +0,2154 15

All r values exceed the 5% confidence level and correlation may

liter

not exist between these two variables. This implies that there is
probably not a truly linear (either + or - slope) relation between

minute volume and water content per liter of expired air.
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TABLE XXVI. MINUTE VOLUME, RESPIRED AIR TEMPERATURES AND
EXPIRED WATER AT VARIOUS AMBIENT CONDITIONS (MEANS)

Altitude

Environment Minute Volume Insp%rate Expirate Temperature Expired

L/min. C o¢ Difference Water
(450 mm Hg) (Expirate - (450 mm Hg)
Inspirate)

Average -8%

Rest 9.72 12.80 17.40 4.6 35.66
35 Bpm 32.25 19.10 20.20 1.1 32.16
M.B.C. 67.31 20.60 21.40 0.8 27.22
o
Average 25°C
Rest 11.28 28.96 30.33 1.37 29.46
35 Bpm 27.31 29.70 30.42 0.72 29.28
M.B.C. 83.18 28.80 29,08 0.28 32.36

Sea Level

Environment Minute Volume Insp%rate Expirate Temperature Expired

L STPD/min. (] - O¢ Difference Water
(Expirate - mg/L STPD
Inspirate)

Average -4.5%

Rest 8.34 21.35 25,15 3.80 38.51
35 Bpm 20.14 20.90 25,80 4,90 29.38
M.B.C. 51.31 17.56 25,20 7.60 33.11

Average 25°

Rest 7.84 30.90 31,64 0.74 34,57
35 Bpm 22.49 31.26 31.46 0.20 35,87
M.B.C. 55.55 31.57 31.76 0.19 35.06



DISCUSSION OF DATA

Each determinant of expired water, ambient temperature and hu-
midity, and tidal volume and respiratory frequency is operative at
altitude as well as at sea level, Because there are physiological
adjustments as well as physical changes in the properties of air per
se, contingent upon altitude, it is impossible to describe an experi-
mental system at altitude which differs from the sea level experiment
only in the prevailing atmospheric pressure. The respiratory mucosa
can be only roughly delineated as a heat and water source; it defies
true mathematical description., So too, hypobaric effects on the ther-
modynamic properties of rapidly moving, moist, real (not ideal) gases
are not fully understood. The lack of information related to the
problem of respiratory thermodynamics is vastly confounded when atmos-
pheric pressure becomes another variable in the system. Thus any des-
cription of water expired at low atmospheric pressure must often rely
upon theory and speculation to explain some of the results noted.

The results of "T tests' for significant differences between
water expired at sea level and that expired at altitude under similar
conditions (Part II) are presented in Table XXIII, Only a few of the
"Sea Level" categories are significantly different from the '"Altitude"
categories, The amount of water expired at "Altitude'" and 25°C differs
from that at "Altitude" and 0°C only at the M.B.C., respiratory rate.
The large variance of individual data creates a statistical denial of
the very obvious trend toward lower expired water at altitude, Other
workers support the idea of decreased water expiration at altitude but

few can cite proof of this because the myriad of volume correction
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procedures confuses the data. The data presented in this report can

be used to cite a significant increase in water expired at altitude if
one accepts all respired air volumes corrected to STPD, All "Altitude
Corrected" expired water is significantly higher than "Sea Level" ex-
pired water with but three exceptions. Since water vapor pressure is
independent of atmospheric pressure (up to 20 km at least) it is mis-
leading to record mg water/L STPD at altitude., Correction of respired
air volumes to 450 mm Hg, 0°C and dry is also open to question., This
confusion of correction factors was elegantly circumvented by Marshall

37;-this is about

and Specht who measured expired water vapor pressure
2 mm Hg less at altitude than at sea level,.
Regardless of the confusion which arises from the use of two
correction factors for air volumes expired at altitude, each set of
corrections produces valuable data. The correction of air volumes to
ambient pressures ('""Altitude') permits some speculation about the
physiological aspects of hypobarism and its effects upon expired water,
The STPD correction of air volumes permits elucidation of the physical
changes in a gas at reduced pressure. Use of the STPD corrected air
volumes allows the thermodynamic calculations presented in Appendices
D and E and also allows the calculation of an equation which predicts
expired water at any ambient pressure. Tables XX and XXI (Part I)
list approximate daily and hourly water loss under various ambient

conditions, These data can predict water loss at any ambient pressure

by adjustment with the following equation:
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Water loss (OOC, dry, ambient pressure mm Hg) = water loss (STPD)
- [( 0.013 ﬁﬁ-%iﬁgﬁ ) (760 mm Hg - ambient pressure (mm Hg) )] .
Water loss (STPD) is found in Tables XX and XXI; the equations given
in Table XXII (Altitude Corrected) also permit calculation of water

expired when air volumes are corrected to STPD,



SEA LEVEL VARIATIONS

The several comparisons which can be made where temperatures
are variable but barometric pressure is fixed permit the following
conclusions; at sea level there are no significant differences in water
content in expirate between 25°C and 0°C ambient temperature for the
Rest or M.B.C, ventilation rates. In the case of Rest at both tempera-
tures the minute ventilation is small enough to permit complete warming
and saturation of the air to 37°C and 100% R,H, before reaching the
alveoli, and the subsequent cooling and desaturation of the air during
expiration proceeds to a nearly identical equilibrium, The slightly
larger tidal volume during Rest in the cold at sea level might well
explain the increased water content as compared to the 25°C Rest expi-
rate, but this difference is not significant., At the M,B.C, rate minute
ventilation is so high that at neither temperature (25° nor 0°C) does
complete heating and saturation occur for any but a small fraction of
the tidal volume. (Dead space air is a large percentage of VT during
an M,B,C,). The differential inspired air temperature and humidity does
promote a lower expired air temperature at 0°C ambiént, and although not
significant, the water content of expirate at 0°C M.B,C, is lower than
that at 25°C M,B.C. The difference in A.H. between the 25° and 0°C
environments is itself not significant and amounts to 2.2 mg/L.

When respiratory frequency is fixed at 35 breaths per minute (35
Bpm) there is a significant difference in water loss at the two tem-
peratures, 25° and 0°C at sea level, The 35 Bpm rate at 0°C sea level
shows a significantly lower expired water than any other rate at any

temperature at sea level., Since frequency is fixed at 35 Bpm in these



138
trials, only the ambient temperature and Vp vary in these sea level
comparisons. It is immediately obvious that at 0°C the minute volume,
and consequently the VT’ is significantly smaller than the Vp at 259,
If the minute volume at 25°C is regarded as 100%, then the minute volume
at 0°C is only 89%; the 11% decrease in Vg at 0°C is accompanied by an
18% decrease in expired water., This is consistent with a nearly linear
relationship between expired water and V. Also consistent with this
relationship is the regression equation which describes expired water
at 0°C, 35 Bpm, sea level. This equation has a positive slope, indi-
cating that increased minute volume (which can only arise from increasing
Vp when frequency is fixed) is accompanied by increased water content
in the expirate. The explanation offered above will account for some
difference between the water expired at 0°C and that expired at 25°C,

35 Bpm, sea level. The value of 29.38 mg water/L STPD at 20,14 L STPD/
min. (35 Bpm) is significantly lower than the value presented for -6°C
20 L STPD/min., sea level in Part I. This very low value of 29.38 mg
water/L STPD is suspect; a more realistic value would be the 32.8 mg
water/L STPD as shown in Part I, Such a value would still demand the
explanation given above, and it would also correct the whole continuum
of expired water at 0°C, sea level, from 8 to 50 I, STPD/min. minute

ventilation,



ALTITUDE VARTIATIONS

The effects of the wet bulb temperature (temperature and A.H,)
on expired water seem to be reversed at altitude., At altitude, in a
warm, moist environment, 25°C, 33% R.H., there is less water expired
per liter of air than at the lower ambient temperature, Although sta-
tistically not significant, the water expired at 0°C, Rest, altitude,
is 6.2 mg/L more than that expired at 25°C, Rest, and altitude. The
low ambient temperature at altitude promotes an expired water nearly
equal to that produced at sea level at low minute volumes (Tables
XXIIT and XXV). This increment in water content occurs only at low
minute volumes in the cold at altitude and could result from any one
or a combination of all the following effects,

The lower ambient temperature, at altitude, will cause a small
increase in gas density. The increased gas density contingent upon
temperature hardly offsets the hypobaric decrease in gas density; how-
ever, the temperature related increment in gas density coupled with the
decreased viscosity of the air (gas viscosity is linearly related to
temperature to the % power) promotes an increase in turbulence which
will promote a rapid equilibration of the air with the respiratory
mucosa, This will increase the amount of heat and water expired in
each VT.

The low minute volume expired at OOC, Rest, and altitude, 9.72
L (ambient)/min., represents a large Vp and a low respiratory fre-
quency, perhaps even with a few seconds of apneusis at end-inspiratiom.
Such a respiratory pattern, similar to that of febrile pathology at

sea level, is conducive to a large heat and water loss,
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Probably both the physiological adjustments and the physical changes
in gas characteristics resulting from hypobarism are effective in pro-
moting this large expired water at 0°C, Rest. There was not enough
data collected in this experiment to quantitatively separate the purely
physical from the physiological changes contingent upon reduced atmos-
pheric pressure,

Both at sea level and at altitude, a complex relationship is ob-
served between ambient temperature and minute volume. At 30 to 60
L/min. (35 Bpm) there is an insignificant difference of 2.88 mg water/

L expired between the 25° and 0°C environments at altitude. The minute
volume increments at 0°C altitude, however, show the effects of de-
creasing mucosal efficiency, with consequent decrease in expired water.
Starting at resting levels of minute ventilation at 0°C and at altitude,
there is a continual decrease in water expired per liter as minute volume
increases. This decrease in expired water as a function of minute

volume finally produces a significant difference between water expired

at M,B,C, (67 L/min.) and water expired at Rest (9.5 L/min.).

The minute volume increments at 25°C, altitude, have no real effects
on expired water. There is no large increasing demand for heat and
water upon the mucosa as minute volume increases, consequently there
is no mucosal dysfunction and expired water is almost constant., Sur-
prisingly enough, at M.B,C, there is about 2 mg/L more water expired
than at lower minute volumes at 25°C, altitude. This may be partially
attributed to the increase in both Vp and frequency at M,B.C, where
the inspirate must be explosively expired with the concomitant poor

recovery of heat and moisture by the mucosa,



GRAPHIC ANALYSIS OF DATA

Because the statistical analysis has denied many differences
between ambient water expired at altitude versus that at sea level,
it is more meaningful to discuss the graphic analysis of the sea level
and altitude data. The significant differences can be cited along
with the graphic trends which are shown.

Fig. 14 shows mg water/L plotted against L/min. expired air for
three sets of data. The "Altitude Corrected" data are in reality the
Y"Altitude" data plotted om axes adjusted by 760/450 mm Hg; as such this
curve is significantly higher than any other line, A comparison of
water expired at sea level and on Mount Wrangell will show signifi-
cantly more water expired on Mount Wrangell when the units used are
mg water/L STPD, Based upon expired air volumes in L STPD, the equa-
tions cited in Table XXII or the graph of expired water (Fig. 14) can
be used to predict the water expired under comparable conditions at
sea level or altitude,

To attempt any conclusions regarding the physiological changes
at altitude which affect expired water one must consider the water
expired at ambient pressures, as shown on the bottom half of Fig. 14
(Altitude). In a warm environment (25°C) at altitude there is approx-
imately 4.8 mg water/L of expired air less than the water expired at
sea level 25°C. This difference, although constant over the range of
10 to about 50 L/min. ventilation, is not statistically significant.
The physiological increase in Vyp at altitude, which would promote an
increase in expired water, is apparently negated by the changes in the

thermodynamic properties of air at decreased pressure. The same
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alteration in the physical properties of air respired at altitude must
also prompt an expired water at 0°C and low minute volume at altitude
which is nearly equal to that produced at rest and sea level at both
0° and 25°C. This is a predictable increment in expired water at low
minute volumes because the decreased gas density at altitude permits
a moderate caloric output by the mucosa to heat and moisten a large
ambient volume of air. At low minute volumes at altitude and 0°C the
decrease in gas density and concomitant caloric saving may be further
enhanced by the decreased viscosity of the respired air. The lesser
viscosity of the air at 0°C is conducive to turbulent flow in the
airways and this insures more complete equilibration of the entire
gas volume with the warm, moist mucosa. Thus expired heat and water
at low minute volumes and low ambient temperature at altitude is
increased to nearly that expired at sea level at low minute volumes
and 25° or 0°C.

More informative is the linear rate of decline in expired water
at 0°C and altitude as minute volume increases, This line has a slope
of -0,1466 E% . E%E'; no similar line describes sea level water loss
at any temperature (Fig. 14). The increase in expired water seen at
exercise ventilation rates at sea level is reversed at altitude. These
data at altitude were collected during controlled polypnia (35 breaths
per minute) and there was no actual exercise, The alkalosis, which
probably accompanies such a maneuver at altitude, may well produce a
vasoconstriction. The slight hypoxia always found even in these
acclimated subjects will also promote a vasoconstriction. Such a

vasoconstriction would diminish the unloading of heat and moisture
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seen during exercise at sea level, The vasoconstriction continues in
a linear fashion as the alkalotic hypoxia continues at the M,B.C, rate
of respirétion and expired air shows a decreasing content of water.
Surprisingly enough the expired air temperature increases as minute
volume increases at altitude in the cold (Tables XXII and XXVI). This
is indicative of a cool, dry upper respiratory tract where inspirate is
only slightly conditioned. TUntil the inspirate reaches the lower respi-
ratory tract, little water is added to the air. Upon expiration the
moisture added to the air (by the alveoli) is promptly removed by the
dry mucosa and the latent heat of vapor condensation is added to the
air. The expired air is conditioned by a dry rather than a cooled
mucosa and the expirate is warm but low in moisture content. In summary,
the respiration of cold (0°C), ambient air at altitude produces a very
large expired water at low minute volumes (equgl to sea level expirate)
but this large expired water decreases linearly (slope = -0.1466) with
increasing minute volume until at M,B.,C, minute volumes (67 L/min.)
there are 8.4 mg water/L less than that expired at Resting minute
volumes. This phenomenon is completely opposite to the pattern of
water expiration seen at altitude and 25°C.

Though statistically there are few significant differences be-
tween the expired water at sea level, 25°C, and that expired at altitude,
25°C, the graphed lines (Fig. 14) do show a consistent minimum difference
of 4.2 mg/L less water expired at altitude over the whole range of
minute volumes plotted. The significant differences arise because the
sea level, 35 Bpm respiratory level does show a small increase in ex-

pired water over the resting level. Even though 35 Bpm is a controlled
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polypnia (no exercise) there is still the expected increase in mois-
ture content of the expired air at moderate minute volumes. The in-
creased work of breathing and the increase in Vg is enough to promote
this small increment in expired water at 25°C, sea level and 35 Bpm.

The water expired at altitude, 25°C, is nearly independent of
minute volume. At minute volumes of 0 to 40 L/min,, there is an
average of 29,37 mg water/L expired. For the 35 Bpm minute volumes
the water expired at both 0° and 25°C at altitude is essentially equal.
At the M,B.C, rates at altitude the water expired is significantly
lower at 0° than at 25°C, At 0°C the cold, dry air has presumably
produced mucosal dysfunction at the M,B,C, minute volume, while at
250C the M,B.C, minute volume has exceeded the equilibration time
necessary for recovery of heat and moisture from the air. In all
subjects the M,B.C, at 0°C altitude was accompanied by a Vg about 40%
smaller than that seen in the 25°C M,B.C, maneuver. Again, it is
painfully difficult to move a large tidal volume in a cold dry atmos-
phere; the reduction in Vg at 0°C altitude is an important constituent
of the reduction in water expired at the M,B.C, minute volumes in the
cold.

The graph of expired water versus minute volume at 0°C, sea level,
is atypical of other sea level determinations at low ambient tempera-
tures, One difference may arise because the 35 Bpm is a controlled
polypnia, not one of exercise. The water expired at 35 Bpm, 0°C and
sea level is suspiciously low, however, and should be discounted. The
other sea level determinations at -6°C in Part I should be considered

the true water expired.



CONCLUSTIONS

In this experiment a comparison of water expired at 13,800 feet
altitude and sea level shows a consistent minimum increment of 10 mg
water per liter STPD at altitude. This difference of 10 mg water per
liter STPD is completely altered if the water content of ambient air
volumes 1s considered. It would seem quite rational to compare the
water content of ambient respired air volumes, but the problems in-
herent in such a comparison are many and complex. First, there is the
problem of the increased minute volume at altitude necessary to pro-
vide the required minute ventilation. Second, the constancy of water
vapor pressure at all atmospheric pressures (up to 20 km altitude)
dictates that each tida; volume at altitude contain a larger percentage
of water vapor than is found at sea level atmospheric pressures,
Finally, any comparison of air volumes measured at ambient pressures
precludes the derivation of common descriptive equations., Perhaps
a comparison of air volumes of isoentropic content or some other me-
teorlogical standard would afford a better mathematic foundation for
the thermodynamic equations derived in this report. The familiar STPD
correction of air volumes offers the dual advantages of easy manipu-
lation in calculations and readily available accessory data.

The decision to use one or another form or correction of data
must necessarily present some problems, and the choice of STPD for a
volume standard, and mg of water per liter as the unit of water loss,
requires some additional explanation., Equal oxygenation requires
vastly different respiratory minute volumes at the two atmospheric

pressures investigated, but the expression of expired water as mg per
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liter STPD obviates any comparison of this important physiological
change.

The form of the data as presented tends to minimize the ventila-
tory differences between respiration at sea level and at altitude; by
design, the only parameters which can effect expired water at altitude
are the changes in the physical properties of air or the changes in
respiratory frequency or tidal volume at altitude. The alterations
in the gas density, flow characteristics and heat conductivity of
hypobaric air theoretically predict an increase of 35.8% in the water
content of air expired at altitude. The minimum difference of 10 mg
water/L STPD found between sea level and altitude expirate represents
an average increase of 42,6% in the water content of air expired at
altitude (average, 25°C, altitude expirate minus average, 25°C, sea
level expirate).

In this expeciment, at sea level and equal minute ventilation,
changes in respiratory frequency or tidal volume can promote a change
of 2 mg water per liter (STPD) of expired air; this 2 mg of water/L
STPD can represent more than 5% of the differences noted. Thus it is
concluded that the changes in expired water as seen at altitude result
from the combined effects of the physical and physiological concomi-
tants of hypobarism.

It can be tentatively hypothesized that the decreased density of
air at altitude permits the respiratory mucosa to heat and moisten a
unit volume of air with a lesser caloric expenditure than that required
at sea level, This caloric saving is considerable and can result in

an important increment in expired heat and water at low minute volumes
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in the cold at altitude.

There is even a larger increase in expired water at 0°C, altitude
when compared to OOC, sea level. At altitude the expired water is
quite large, 60 mg/L STPD, at resting minute volumes and this decreases
linearly to 46 mg L STPD at minute volumes of 40 L STPD/min. The usual
pattern of expired water was not obtained at sea level, 0°C in this
part of the experiment. Consequently, a quantitative comparison of
the two parameters is impossible. A comparison of 0°C, altitude and
-6°C, sea level, from Part I of this report, does permit the derivation
of the following:

Average water expired at OOC, altitude = 53.4 mg/L STPD.

Average water expired at -6°C, sea level = 31.1 mg/L STPD,

Mean increase in water expired at altitude = 71.7%.

The alternate presentation of data lists mg water expired per
liter of air at OOC, dry and ambient pressures (760 mm Hg or 450 mm Hg).
Comparison of such data permits speculation upon the physiological
parameters which influence the water content of expired air. All these
data show that under the same conditions of temperature_and minute
volume the water expired at altitude is less than that expired at sea
level., 1In most cases the decrease in water expired at altitude is
insignificantly less than that expired at sea level, but still amounts
to a constant minimum average of 2.99 mg water per liter STPD less

water expired at altitude.



SUMMARY AND CONCLUSIONS

In summary, the two parts of this report show that the amount of
water expired by man is determined by at least five separate param-
eters. Though man is seldom exposed to an environment where one of the
parameters varies and the others are fixed, it is convenient to discuss
each as a separate variable.

Ambient air temperature can be roughly categorized into three
ranges, each range of temperature having a distinct effect on expired
water.

When ambient temperature is above 370C, heat is added to the body
during inspiration and expired air is at least 37°C and fully saturated
with water. The heat and water expired in such an environment plays
an important role in the regulation of body temperature. Each gram
of water vaporized represent 593 calories lost as the latent heat of
vaporization. Ambient absolute humidity (A.H.) is linearly related
to water loss. When the expirate is fully saturated with water, every
gram of water inspired means one gram less water actually lost by the
body.

The second temperature category is more common: 37° to 5°C. 1In
this range of ambient temperatures there is a decrease in expired heat
and water which is directly related to the ambient wet bulb temperature.
As ambient A,H. increases, so does expired water, but there is no ob-
vious algebraic relation between the two. During inspiration in this
second temperature category, the resporatory mucosa adds heat and water
to the air to bring it to alveolar conditions of nearly 37°C and 100%

relative humidity (R.H.). A certain percentage of this amount of heat
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and water added to the inspirate is recovered during expiration. Theo-
retically, recovery never exceeds 50% of the caloric equivalent of the
heat and water added to the inspirate, and this recovery factor de-
creases with decreasing additions of heat and water to the imspirate.

Thus, in a high A.H. environment, there will be a large amount of
expired water but only a small actual water loss. In low A,H, environ-
ments expired water is decreased but actual net water loss may be in-
creased. One hundred per cent R,H, at 5.5°C equals about 7 mg of water
per liter STPD of ambient air. This seems to be a critical point, for
water loss decreases with any A.H, above 7 mg/L STPD but water expired
increases linearly with any A.H. above this 7 mg/L STPD. In short, the
respiratory mucosa is generally incapable of recovering more than 7 mg
water/L STPD from the expirate, and in order to do this, the mucosa
must have added at least 14 mg water/L STPD to the inmspirate.

This ability of the mucosa to recover a percentage of the water
added to the inspirate leads to the third temperature category; ambient
temperatures below 0°C where all A H, is extremely low even at 100%
relative humidity. 1In this category all expired water can be considered
as having been derived from the body and expired water is equal to water
loss. At any ambient temperature from 0°C to -35°C the expired water
is essentially constant (30 mg water/L STPD) at any one minute volume.

This introduces a second parameter, namely minute volume. At
temperatures above 0°c changes in minute volume do not produce notable
changes in expired water; the ambient wet bulb temperature is the
primary determinant of expired water and respiratory water loss. But

at ambient temperatures below 0°C where all expired water originated
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from the respiratory mucosa, the minute volume can have a significant
effect on expired water. The respiratory mucosa can be considered as a
limited source of heat and water, When the requirements for heating and
moistening the inspirate exceed the equivalent of 1 to 1.2 Kcal. of heat
per minute, the respiratory mucosa fails to "condition" the inspired air
to 37°C and 100% R.H. This mucosal dysfunction is characterized by de-
creasing amounts of expired water as minute volume increases and is sub-
jectively accompanied by dryness and even pain in the respiratory tract.
The point of mucosal dysfunction is determined by the caloric require-
ments for conditioning the inspirate; this point occurs at very large
minute volumes with ambient temperatures near 0°C and with smaller
minute volumes at temperatures near -35%.

The minute volume modification of expired water is important at
ambient temperatures below 0°C, but the coméonents of minute volume,
respiratory frequency and tidal volume (VT), can exert small effects on
expired water at any temperature. An increase in VT will increase
expired water by as much as 2 mg/L STPD. A large Ve is often apparent
in febrile patients where the increased water expired probably prompts
additional heat loss. 1If respiratory dead space is fixed and Vy
increases, there muét be an increased percentage of the total Vp which
is alveolar air. Alveolar air is at nearly 37°C and 100% R.H., while
dead space air can be considerably less than 100% R.H. and 37°C. Thus,
an increased Vg produces an increase in the percentage of alveolar air
expired; this increases the amount . water expired.

Conversely, an increase in respiratory frequeniy is usually accom-

-

panied by a decrease in expired water. When minute volume is constant,
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increased frequency must be accompanied by an increased percent of
dead space air. Respiratory dead space, predominantly the trachea, is
the part of the respiratory mucosa subject to the greatest changes in
heat and moisture content. A high respiratory frequency can rapidly
deplete the upper respiratory mucosa of its heat and water and expired
water will decrease accordingly.

Man rarely varies his minute volume by adjusting only Vg or fre-
quency. In practical situations, where exercise prompts an increase in
minute volume, both Vi and frequency usually increase. Exercise also
causes cardiovascular changes, and the increased blood flow in the
nasal turbinate and ethmoid structures not only provides more heat and
moisture to the mucosa but also causes anatomical changes which will
increase turbulence in the respired air. These two changes, ihgreased
turbulence and an increased source of heat and water, produce a
notable increase in expired heat and water during exercise.

A generalized graphic portrayal of water expired as a function of
minute volume at temperatures below 37°C will appear as a flattened arc-
like curve with small amounts of water expired at resting and maximum
minute volumes and larger amounts of water expired at intermediate
(exercise) minute volumes, The center and the two extremes of this
arc-like curve are derived from unique functions of the respiratory
mucosa as a heat and water source, The low minute volumes are accom-

' ‘panied by decreased expired water because the mucosa displays maximal
efficiency as a counter-current heat and water exchange system and
recovery of heat and water during expiration is maximum. At larger

minute volumes, the respiratory and cardiovascular changes occasioned
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by exercise prompt an increase in expired water. At very large maximum
breathing capacity (M.B.C.) minute volumes, the efficiency of the
mucosa as a heat exchange system is exceeded and the respired air is not
properly '"conditioned'. A low water content in the expirate and subjec-
tive discomfort characterize this point of mucosal dysfunction.

The discussion of the four major parameters which determine expired
water, ambient temperature and humidity, and respiratory frequency and
tidal volume, is complicated because each one of these, as a variable,
exerts a continuum of effect on expired water. In any one instance
there may be several of these variables exerting diametrically opposed
effects on the water content of expired air. This multiplicity of
variable effects, plus the large variations in expired water produced
by individual subjects, make it difficult to derive any equation or
rule which will evaluate expired water for men in general. This con-
fusion created by the interaction of the four variables cited is com-
plicated even more when gas density or atmospheric pressure is intro-
duced as a fifth variable., The investigation of the four variables at
two different atmospheric pressures requires some prior discussion of
the physiological adjustments to hypobarism (changes in VT and minute
ventilation) and some speculation upon the changes in the physical
characteristics of air at reduced density.

The important physiological change contingent upon hypobarism is
of course the increased minute volume necessary to permit the same
oxygen uptake as is required at sea level. This change involves an
array of individual adjustments which cannot be quantified and dis-

cussion of these adjustments can be largely avoided by reporting
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expired water as mg per liter rather than mg water per minute. On a
minute ventilation basis there is considerably more water expired at
altitude than at sea level. However on a mg water per liter (ambient
pressures) basis there is a decrease in water expired at 450 mg Hg
pressure of 2 to 5 mg less than that expired at 760 mm Hg.

Air volumes collected at 13,800 feet were corrected to STPD and to
Standard Temperature at 450 mm Hg, dry; this allowed a diverse com-
parison of the altitude and sea level water content of the expired air.
Water expired at any altitude can be approximated by knowing the water
content at sea level (STPD liters) under the same conditions of tem-
perature, humidity and minute volume, and adjusting this value according
to the following equation:

mg water/L Atm. P. = D8 water _[k0.0lB mg water) (760 - Atm. P.ﬂ

L gs.L. mm Hg

S.L'

sea level,

prevailing atmospheric pressure in mm Hg.

Atm. P.

This equation is empirically derived from the data collected for water
expired at sea level and at 13,800 feet. It is based upon a linear .
change in water expired per millimeter of mercury change in prevailing
pressure., This equation affords only an approximation of expired
water and is subject to wide variations when temperature, humidity or
minute volume are extreme.

The four parameters studied at sea level do not have identical
effects at altitude. At temperatures around 0°C the air expired at
altitude has a large water content at resting minute volumes and a
very low water content at very high minute volumes. While at 25°C the

water content of air expired at altitude is described by a curve
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similar to that which describes sea level expirate. A realistic
evaluation of water loss under all conditions requires the derivation
of a water expired versus minute volume curve for the temperature
studied. This curve is adjusted on its axes with the.equation offered,
to account for reduced atmospheric pressure. The expired water is
reduced by the amount of water inspired (A.H.) to yield finally the

water loss.



APPENDIX A

HYDROSCOPIC CHARACTERISTICS OF MAGNESIUM PERCHLORATE

Mg(Clo,), + 6H20 p— Mg(Hy0)¢ (0104)2 4+ 22708 cal.

Hy0
2

o)

1 Mg(C]-Ol'_)z'—_') Mg(H20)2 ' (0104)2 + 13509 cal.

o H,0

27 Mg(H,0), - (0104)2-—————9 Mg (H,0)4 * (ClO4) o + 1215 cal.
3° Mg(H,0), " (C104), — Mg(H,0)¢ * (ClO), + 7984 cal.

Efficiency of dehydration is 10, 20, 3°, A column packed with this
agent removes much moisture at entrance of column at the 3° level of
reaction, while the last trace of moisture is removed at the 1° level

. , 68
of reaction, near the exit end of the column
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Sub ject
Age in years
Height

Weight in pounds

Number of trials
Vp

IRV

ERV

Ve

M.B,C,

Resting 0y con-
sumption/min.
Respiratory fre-

quency at rest

/min,
Respiratory fre-

quency at M,B.C,

/min,

APPENDIX B

DESCRIPTION GF SUBJECTS

R.F. H,H. G.M, J.M.
19.5 18 22 19

519" 59" 51" 5'8"
170 149 140 157

Respiratory Profile in L STPD

3 2 3 3
0.536 0.949 0.560 0.660
2,167 2,517 2,249 2,683
1,980 2,228 2,063 1,527
4,994 5,637 5.014 4,952
122,94 172,84 128,02 185,22
0.400 0.617 0.540 0,400

26 16 28 25
72 52 116 36

B.N,
20
5!8"

158

3
0.867
2,229
1,568
4,035

150,55

0.620

16

63

Cc.0,
24
5tgn

155

3
0.660
1.610
1.197
4.560

120.01

0.607

25

bt

157

W,.S.
25
5r7m

155

3
0.702
1,857
1.651
4,291

105.16

0.700

16

32
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APPENDIX C

PREPARED SHEET FOR COLLECTION OF EXPERIMENTAL DATA

SUBJECT: Date: 1965
Atm, P, mm Hg
Room T, Start Finish
Time
Mask F Tube F

I I

N Fa
Trap ¥

r __

A
Spiro. F at O°c Spiro. F at oc
I I at °c ss I at °c

A A
R H,
Flow Rate L STPD/min.
Spiro. T, [ é%%g-g - X111 xX 2= vol. Correct

Spiro. SS = 132,2 <& Spiro, I = 132,1 &€
mm mm
Vol. F Vol., F
Vol. T Vol. T
TOTAL VOL, = L STPD
gms H,0 = gms H,0/L

L STPD STPD



APPENDIX D

ISOVOLUMIC HEAT CAPACITY OF AIR AT SEA LEVEL AND ALTITUDE66’67

159

Actual air demnsity at sea level in winter = 1287.58 gm/cubic meter with

a total pressure of 763.35 mm Hg

Actual air demsity at altitude in winter = 813,75 gm/cubic meter with

a total pressure of 450.00 mm Hg
Average mole weight of moist air = 29.43 gm/mole
Molar volume at 760 mm Hg pressure = 22,85 L/mole at average winter

temperature

Molar volume at 458 mm Hg pressure = 35.60 L/mole at average winter
temperature

therefore, at 760 mm Hg pressure, 1 liter = 0.04376 mole

at 458 mm Hg pressure, 1 liter = 0.02809 mole

Assume that Cy = qy/T is constant at all pressures

qy = calories required to raise one mole of air 1°C

0.04376 (dy gop 1ever) = calories, °"l 1 760 mm Hg, 0°C dry -1

0.02809 (qy aititude) = calories, 0C_l, L 450 mm Hg, 0°C dry "t

dy altitude = 9V sea level - 0-398 (qy sea 1evel)



APPENDIX E

FLOW CHARACTERISTICS OF AIR AT ALTITUDE

Reynolds Number = NR

Density of air =B

160

66,67

x = 3.14

r = radius of airways fixed and assumed equal at both altitude and
sea level

i = viscosity

B sea level = 1287.96 gm/1000 L =V

LetNR=ZBV/11 U

Set st ri =K, and set Ny (sea level)

then ZOOOQKZ = NR (altitude) (K)
1,288V
0.827V

and NR (altitude) ~ 1284

alternately,

Let V1 air velocity at sea level
V2 = ajir velocity at altitude
then 0.827 V2 (NRK) - 1.288 V1 (NRK)

x = 0,474 Vl or x = 57.32% V1
0.827

sea level

B 13,800 feet = 826,68 gm/1000 L. =V for real gases
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EXPIRED WATER, FROM LITERATURE

Ambient Air

Reference Methods Where Temp,
Measured oC
Weyrich63 Hg thermometer 1In (17-18
1865 H,50 mouthpiece(44.5
4
(=4.5
Goodale21 Wet & dry In tube (25
1896 Hg thermom- at nares (21
eter (5
(1
Lasage Dewpoint Hg In Room
1903 thermometer apparatus Room
Lombard Recording Calculated 18
1906 balance from total 27.5

Galeotti & Assumed

weight loss

No temp.
measurement

12

Signorelli20 water
1912 content, &4
min, ventilation
periods
Galeottil? caCl, by
1912 weight

14-15
23-25

R.H.
%

60-70)
100)
lllowll)

22)
91)
100)
44)

50
50

Expired Air

Type of Temp,

Breathing o¢
Oral 38.6 to
and 36.1 to
Nasal
Oral Oral 32.5
and to 33.5,
Nasal Nasal 29,5

to 33.5

Normal 35.6
Forced exp. 35.6

At rest &
mountain
climbing

0 to 100 Mixed,

rest and
exercise

Water R.H, Sub ject

Content % Number
and Type

48,5 mg/L STPD

47.5 mg/1L STPD

Oral exp. All oral

36 to 37 exp., =

mg/L, 97 to 100,

Nasal exp. All nasal

29 to 36 exp. = 100

mg/L

34 mg/L 84

38 mg/L 92

12.2 gm/hr./M% 2 adult

23 gm/hr./M2 males

14-20 gm/hr. 2 adult
males

32,5 to 36.6 78 7 adult

mg/L, 14-20 males

gm/hr. /M2

water loss

Number
of
Trials

350

30

72

191



Ambient Air

Reference Methods Where Temp. R.H,
Measured ©°C %

Rubner Chamber Hygrometer Room Room
1912 around at outlet

head
Osborne41 -De Grave Winter
1913 balance
Loewy & 34 Hg thermom- Tube to 5° to
Gerhartz eter and mouth or  "high"
1914 thermistor  nose
Galeotti18 CaCl,y Near mouth 12
1915 Fe-Ni thermo- 15-16

¢ouple 24-25
Soderstrom Sage Total 22-25 30-50
& Du BoisS% calorimeter, weight
1917 H2804 loss
Liljestrand__ Special nasal In apparatus, 15
& Sahlstedt33 & mouthpiece  portal and to
1925 Hg thermometer deep nasal 20

wet and dry and oral

Benedict & HySO, Respiratory 17-20
Benedict absorption apparatus on
1927 a scale

Expired Air

Type of Temp, Water R H, Subject  Number
Breathing oc Content % Number of
and Type Trials
Rest, 17-34 mg/L 1 adult
talking,
singing
36.99 mg/L
Oral and Corrects 2 sick females 7
nasal, 4 Galeotti's 1 boy 4
to 37 L/min, work, claims 1 normal adult 24
100% R,H, at 34°C
Frequency & 34.4 32,5 to 38,1 87 & normal 94
depth, oral to mg/L to adults minimum
& nasal 35.7 92
29 gm/hr. 13 normal 300
is total males, 8
weight loss boys, 6 old
men, 7 typhoid
patients, 7
dwarfs or legless
Oral and 33.2 30 mg/L  94.5 4 163 ?
nasal, various to minimum, to

Vg & frequency

Oral, rest &
exercise

35.1 39.5 mg/L 100

maximum
26,5 to 32.9 Male & female Over
mg/L, normal adults 120

8 gms/hr. lost

291



Ambient Air

Expired Aix

Reference Methods Where Temp, R.H, Type of Temp., Water R.H, Subject Number
Measured ©C %  Breathing oC Content % Number of
and Type Trials

43
Perwitzschky  CaCl Ext. nares 23-26 24-80 Oral, nasal, 29 to Average 77 to 120 normal
1927 Hg thermom~ & mouth to tracheotomy 35 at 30 mg/L 99 at & sick

eter bronchi different different adults
levels levels
Christie & Dewpoint 23-25 Nasal and 36.4 in PH,0
Lopmisl apparatus and oral apnea  hypervent. Normal=45 mm Hg
1932 P20 37.5-41 hyper & Hypervent.=38.3 mm Hg
5 hypovent, Apnea=45.5 mm Hg
Hypovent.=38.5 mm Hg

Berg CaCl2 In respiratory Room Room Oral, approx. 25-26 91-92
1933 absorption apparatus, in 5 L/min.

thermocouple mouth
Adachi H So4 24~25 Very dry From a 4,3-7.9 gms/hr./M2 1 18
& Itol agsorption “"ordinary" spirometer is water loss as if adult
1934 very moist of ambient R,H, male
Seeley53 Intranasal Various =-10 to 50 5 to 95 Deep, oral Max, expiration 75 to
1940 sampling tube depths in from respiratory 100

Mg (C10,)9 nose tract is 30,5 mg/L
Burchl0 Freeze coil In (20-21 55-60 Nasal 33.2 22,91 mg/L 88 107 male &
1945 thermocouple respiratory (50 18=water loss{)Oral Equal 5.3 gms/hr./M2 female normal

apparatus (50 49=water loss )Slow breathing is water loss adults

yields increased

water

€91



Reference

Ralston &
Kerr48
1945

Burch!ll
1945

Fugitt &
Riley
1946

Marshall &

Specht 7
1949

Webb>8
1951

Methods

Thermocouple

Freeze coil
thermocouple

Wet and dry
thermocouple

Dewpoint
apparatus
freeze coil
thermocouple

Thermocouple

McCutchan & Freeze coils

Taylor35
1951

Cole17

1953

& thermo-
couple

CaCl,, silica
gell, Hg
thermometer

Ambient Air
Where Temp.
Measured ©C %

At turbinate 45-50
bone, mucosa 13-15
of nose

Inside the
mouth

25.9

In apparatus
and at nasal
portal, simulated
30,000 ft, alt.

Portal and 23-28
1l to9 em 5-8
in nose

In apparatus 21-24 20-40

at mouth 49 2

portal 71 to
923 34

Nares, post- Pre-

nasal lips,
hypopharynx
trachea, etc,
in apparatus

R.H.

Room Room

-20 to -31

Type of
Breathing

Mouth
only

Oral

Normal

rest

Resting,

nasal

Oral at
rest

Oral

moistened nasal

Expired Air
Temp, Water R.H.
oc Content %

Studied effects of
heating, cooling, etc.
upon nasal volume and
temperatures

5.7 gms/hr. /M2
is water loss

34,9 39 mg/L  99.4

Subject  Number
Number of
and Type Trials

37 145

adults,

some

sick

24 adults,

heart disease

31.4 S, L, 32,1 mm Hg S,L, 88 15
30.8 Alt, 34.4 mm Hg Alt, to adult
93 males
18.8 to 18 male 50
37.4 adults
33.2 29.2 mg/I. 88,2 5
adult
males
29-31 at  27-31 mg/L
7 L/min,,
28 at 42
L/min,
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Ambient Air

Expired Air

Reference Methods Where Temp. R.,H. Type of Temp. Water R,H, Subject  Number
Measured ©C %  Breathing oC Content % Number of
and Type Trials
Cole15 HyS0 Anterior +50 to "Nearly Nasal 25 when Water 50 at 259C
1953 Hg thermometer mnares -30 100 amb, = -30, loss equals
pharynx less than 37 12.5 gms/hr./M2
when amb, at -30°C amb.,
= +50 20,84 gms/hr.,/M>
at +50°C and 0%
R.,H, amb.
Verzar-? "Q hygrometer' Nares to 22-23 36.5 to 96 in 7 men
1953 thermocouple carina, in 35.3 at trachea 3 women
dogs and different 3 dogs ?
humans levels
Cole16 Special Nares or O (cold) Steam room, Oral Nasal
1954 thermistor mouth to 50 (hot) dry room, & nasal 29-34
trachea 18 (room) ordinary resting
altitude & maximum
Hooper, Evans Mg (Cl04), No temp. Oral and 25 to 50 mg/L 80 24 babies
& Stapleton measurement nasal at average 35 average 2 to 27
1954 rest at 379C days old
Brebbia, Freeze baffles -16 to Oral only 32 mg/L 3 adult 26
Goldman & Buskirk® -33 18-23 gms/hr/M? males
1957 at rest, 58-153

gms/hr./M2 during
exercise is water loss
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Ambient Air

Reference Methods Where Temp. R.H,
Measured ©C %
Bruck® Collected expirate 24,5 to 24 to
1962 assumed 90% water 28.5 62
sat, at 2°C less
than rectal temp.
Jackson & Bead Nasal Moist
Schmidt-Nielsen?8 thermistor passage dry

1964

Bruck & Paa9 Special mask 1In nostril 26.4 46
1965 and freezing 28.7 27
unit thermo-
couple

Type of
Breathing

Rest,
nasal

Nasal

Temp.

oC

20-40

Expired Air
Water R.H,
Content %

3.61 to 26.0
gms/hr, /M2
water loss

Counter-current
heat exchange
is hypothesized

33,0 to 27,6 to 34.5

33.2

mg/L ATPS
8.05 to 9,77
gms/hr. /M2
water loss

Subject  Number
Number of
and Type Trials

12 babies 16

Kangaroo
rats,
white rats

2 sick 4
babies
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