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ABSTRACT

Respiratory water loss was investigated with a group of normal subjects breathing
oxygen orally. Data were collected from all subjects under three absolute pressures
(3.6, 7.0, and 14.7 p.s.i.), three work rates on a treadmill (0, 2, and 4 m.p.h.), three
humidities of the inspired oxygen (40° F., 60° F., and 80° F. dewpoint), and three
drybulb temperatures of the inspired oxygen (95° F., 76° F., and 556° F.). The data
were analyzed statistically.

All of these variables affected respiratory water loss in varying degrees. Reduced
pressure diminished respiratory water loss, apparently because of a corresponding
decrease in minute volume observed at lower pressures. Increased work rates elevated
pulmonary ventilation and thus increased respiratory water loss. Increasing humidity
decreased water loss, while increasing drybulb temperature produced greater water .
loss. Expired gas temperatures approached body temperature only at elevated in-
spired temperature; the expired gas volume was never saturated.
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ATP
ATPD
BMR
BSA
BTPS
D.B.
D.P.
N.S.
AP
P/DP

p.s.i.

RSS
STP
W.R.
WR/DP
WR/P

NOMENCLATURE

Ambient temperature and pressure.
Ambient temperature and pressure, dry.
Basal metabolic rate.

Body surface area.

Body temperature and pressure, saturated.
Drybulb temperature, degrees Fahrenheit.
Dewpoint temperature, degrees Fahrenheit.
Not significant.

Delta pressure; pressure drop.

Interaction between pressure and dewpoint significant at the
probability level indicated.

Absolute pressure, pounds per square inch.
Coefficient of correlation.

Root sum square.

Standard temperature and pressure.

Work rate, miles per hour treadmill speed.
Interaction between work rate and dewpoint.

Interaction between work rate and pressure.




REDUCED BAROMETRIC PRESSURE AND RESPIRATORY WATER LOSS

i. INTRODUCTION

The general purpose of the research described in this report was to ascertain
and quantify the factors influencing the rate at which water is removed from
the body by respiration. The term respiratory water loss is used throughout
this report to denote water transferred from the body during respiration—i.e.,
the difference between the water vapor content of the inspired and the ex-
pired gas. In particular, this work investigated the effects of pressure, inhaled
dewpoint temperature, inhaled drybulb temperature, and work rate on respira-
tory water loss, for subjects breathing oxygen by mouth.

The results of this research are considered pertinent to normal pulmonary
physiology and water balance at sea level as well as at high altituge; the data
have specific application to problems associated with space flight, where prob-
lems of material balance are critical.

Several previous studies are related to this experiment. The earlier studies
have been adequately summarized by Newburgh and Johnston (1). In 1904
Fod (2) sug:ested that water loss from the lung is reduced at high altitudes,
and Guillemard and Moog (3) in 1910 came to the same conclusion after ob-
servations made in the mountains. Galeotti (4) observed total expired water
rates of 0.0326 gm./liter, with 0.0292 gm./liter added during respiration, for
subjects breathing air at 12.6° C. and 30% relative humidity. He also found
that increasing the inspired humidity to 68% reduced the total expired water to
0.0322 gm./liter and the water loss to 0.0247 gm./liter. Further, he suggested
that increasing the inspired temperature would lessen the water loss. In a
later work, Galeotti (5) stated that expired air was 909 saturated.

Benedict and Benedict (6) in 1927 observed rates of water loss ranging from
0.1467 to 0.2008 gm./min. for subjects breathing dry oxygen at basal metabolic
levels. These figures approximated 409% of the total insensible water loss un-
der the test conditions. In 1930 Jores (7) reported essentially the same results
as Benedict and Benedict.

In 1934 Adachi and Ito (8) corroborated Galeotti’'s 1912 work (4) when they
found that increasing inspired relative humidity reduced the respiratory water
loss. They observed a respiratory water loss of 0.0962 gm./min. for subjects
breathing air.

In 1945 Burch and Winsor (9) reported an average respiratory water loss of
0.179 gm./m.? of BSA per minute for subjects breathing oxygen with their
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“waterless-type” BMR device. Their conclusion was that more than 50% of the
total insensible water loss came from the lungs; this value is considerably higher
than the estimates made from earlier experiments.

Newburgh and Johnston (1) stated that water loss from the lung is con-
trolled simply by the physical conditions of the environment and by lung ven-
tilation—i.e.,, minute volume. Since their work, Thauer et al. (10) in 1955
established that other factors, such as the total time that the ventilating gas
spencs in the lung and the effects of the respiratory ‘“dead space,” are extreme-
ly important in regulating water loss. According to the interpretation of these
investigators, at the end of expiration the respiratory tract is filled with un-
expired gas which has more or less the same composition and physical proper-
ties as alveolar gas; this is the air mass which they called the respiratory “dead
space.” The respiratory dead space affects the transfer of water vapor because
its presence implies that not all the tidal inflow to the lung surface is ambient
external air. Thauer et al. found an effective change in alveolar water vapor
concentration owing to the presence of this dead space. These investigators
postulated from their work that, at the end of inspiration, the temperature of
the air in the respiratory tract is somewhat lower than body temperature, if it
is assumed the inhaled air is at a temperature below 37°C., and that some of
the water vapor from the lungs condenses in the respiratory tract upon expira-
tion. Hence, the total amount of water lost in respiration is a function of
the dead space in the pulmonary tree and its interaction with the other per-
tinent physical and physiologic factors.

It is often stated that the expired air leaving the lung is saturated with
water vapor at body temperature. Thauer et al. (10, 11, 12) have shown, how-
ever, that this is not the case and that the expired air under normal conditions
is very seldom saturated. Nevertheless, they found that a significant amount
of water vapor transfer does occur during respiration, and that this amount is
definitely a function of water vapor in the inspired air.

There are differing opinions as to whether expired air is saturated. Pfeider-
er and Less (13), Corlette (14), and Buettner (15) conclude that expired air
is saturated. On the other hand, Seeley (16), Christie and Loomis (17),
Burch (18), and McCutchan and Taylor (19) conclude that expired air is un-
saturated. McCutchan and Taylor found expired relative humidities of 80 to
90%. Seeley reported 80% expired relative humidities at 70° F. inhaled drybulb
temperature. He also reported that, for cold temperatures, the expired relative
humidity is always 80 to 90%, regardless of the inhaled relative humidity.

An examination of tables of water vapor pressure (steam) shows that the
amount of water vapor which can be carried by a given volume of gas is de-
pendent to a large extent on the drybulb temperature of that gas. This
general physical principle is pertinent to studies of water vapor transfer oc-
curring through respiration.

McCutchan and Taylor found that the drvbulb temperature of expired gas
is indeed a function of the drybulb temperature of the inspired gas. Conse-
quently, the mean temperature of that air occupying the lungs after inspira-
tion is dependent on the temperature of the inspired air. According to their
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data, when dewpoint is held constant and the temperature of the inspired air
is increased, an increase occurs in the exhaled water vapor pressure. Although
most of their data is for high temperatures (greater than 100° F.), their gen-
eral observation that the exhaled temperature and relative humidity are de-
termined by the inspired temperature and humidity is in agreement with the
observations of Burch (18), Loewy and Gerhartz (20), Pfeiderer and Less (13),
and Seeley (16). McCutchan and Taylor report no relationship between
respiratory volume and inspired wetbulb temperature.

Marshall and Specht (21) measured respiratory viater loss at reduced pres-
sure (226 mm. Hg) and at sea level (760 mm. Hg) by use of two methods con-
currently. The first method involved the freeze-trapping and weighing of the
expired water; this method had several limitations, recognized by the authors,
including the necessity of assuming the quantity being measured and the use
of volume correction technics whose implicit errors masked the small changes
in water weights. The second method employed a dewpoint measuring device
consisting of a copper bar, instrumented with thermocouples, along which a
thermal gradient was maintained; this technic was hampered by numerous
technical difficulties caused in large part by the crudity of the apparatus.

The results reported by Marshall and Specht were obtained by computations
whose precise nature is unclear; separate calculations were made from the
measured dewpoints and from water weights per liter on the basis of exhaled
volume corrections that were made to standard pressure and assumed condi-
tions of partial saturation. These results all indicated a reduced water loss
with reduced pressure. Their data also demonstrated a significant decrease in
minute volume with altitude, a phenomenon which may have been brought
about by a decreased respiratory rate, and which seemed tc cause the observed
decrease in respiratory water loss at altitude. The vapor pressure calculations
employed by these authors indicate an apparent increase in expired water
vapor pressure at altitude when volume corrections were made to standard con-
ditions, although the dewpoint calculations indicated a decrease in vapor pres-
sure. Even with the calculated increase in vapor pressure with altitude, however,
the reduced respired volumes were sufficient to decrease the total respired water
loss.

I. METHODS AND PROCEDURES
Experimental design

The present experiments were designed to test the effects of pressure, in-
haled drybulb temperature, inhaled dewpoint temperature, and work rate on the
rate of respiratory water loss. Three levels were employed for each of these
parameters as follows:

1. Pressure: 3.5 p.s.i., 7.0 p.si., and ambient barometric (14.7 p.s.i.).

2 Inhaled drybulb temperature: b55° F., 76° F., and 95° F.

3. Inhaled dewpoint temperature: 40° F., 60° F., and 80° F.

4. Work rate: rest (0 m.ph.), 2 m.p.h,, and 4 m.p.h. leve! treadmill speed. -




Because of the physical impossibility of high inhaled dewpoint tempera-
tures at lower inhaled drybulb temperatures, a strictly orthogonal experimental
design could not be employed. The combinations of the independent variables
which formed the experimental conditions employed are illustrated by the
three matrices shown in figure 1. Each of these matrices represents a dif-
ferent level of inspired dewpoint temperature. Five subjects were employed in
the experimental program, and each subject was tested under all of the condi-
tions represented by each cell in the three matrices. The sequence of inhaled
drybulb and inhaled dewpoint combinations were randomized for each subject.
The sequence of pressure changes and work rates, however, was systematic for
a given set of inhaled drybulb and dewpoint conditions. This systematic sequence
is described under test protocol later in this section.

The dependent variables were expired dewpoint temperature, expired dry-
bulb temperature, expired absolute pressure, respired volume, heart rate, res-
piintion rate, rectal temperature, tympanic temperature, and nine skin
temperatures.

Test apparatus and procedures

Altitude chamber. The respiratory water loss tests were conducted in a
low-pressure altitude chamber used specifically for physiologic research. The
chamber has an internal volume of 750 cu. ft. and is equipped with a 250 cu. ft.
airlock. Communications with chamber occupants are maintained throughout
each test by means of an aircraft-type low-impedance intercom systern. The
chamber also is equipped with an oxygen supply for the test observers’ masks
and with an emergency oxygen supply consisting of pressurized ‘‘walk-around”
bottles which can be attached to the masks. The mechanism used to induce the
various desired metabolic loads on the test subjects is a variable-speed level
treadmill situated in the chamber so that a minimum length of ducting is re-
quired in the breathing circuit.

Environmental control system. The altitude chamber was equipped with an
environmental control system designed specifically for this experiment. The
system was designed to condition a desired mass of gas to specified drybulb
temperatures and water vapor pressures within narrow limits over a wide
range of flow, temperature, and relative humidity. The conditioned inspired gas
was monitored extensively and held within +2.0° F. drybulb and +2.0° F. dew-
point. To obtain these conditions, cryogenic oxygen was vaporized and ducted
through a pressure regulator to a saturation chamber for aqueous saturation at
a high temperature. The supersaturated gas then passed through the primary
gas-to-liquid heat exchanger, where it was cooled and a portion of the water
vapor condensed and trapped, so that the emerging gas was at the desired
saturation temperature or dewpoint. From the primary heat exchanger, the
gas passed through a reheater to attain the desired dry bulb temperature, then
on through one of two variable-area flowmeters. The gas exiting the flow-
measuring section was then ducted through the chamber bulkhead, directly to
the secondary gas-to-liquid heat exchanger, which v.as used for final adjustment
of the dewpoint of the inspired gas. From the s:condary heat exchanger, the
gas was ducted to a temperature-controlled pleram chamber and exhausted into
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Ezxperimental design.
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the altitude chamber. Temperature-controlled, flexible, convoluted hoses con-
nected a bifurcated mouthpiece to the plenum chamber. The hoses were wrapped
externally with high-resistance heating tapes and liquid-coolant tubes, with
evenly spaced intervals between the heating tapes and coolant tubes. The in-
dependently controlled heating tapes and coolant lines were used to maintain a
precise inspired drybulb temperature and to prevent condensation of water vapor
within the inspiration and expiration hoses.

The bifurcated mouthpiece was formed in two halves made of free-machin-
ing brass, 0.030 in. thick, and plated with gold (MIL-G-45420), 0.010 in. thick,
to minimize radiant heat transfer. The mouthpiece also was wrapped with in-
dependently controlled heating tapes and coolant tubes so that the inspiration
and expiration systems could be maintained at the proper temperatures up to
the mouth. An epoxy septum formed a leakproof bond of the two halves and
separated the inspiration and expiration systems, thus minimizing thermal
conduction between the two systems at the portal of the -mouth. This per-
mitted an accurate determination of the true physical conditions of the inspired
and expired gases. An external and exploded view of the bifurcated mouth-
piece can be seen in figures 2 and 3.

Upon inspiration, a low-pressure-drop inspiration check valve in the mouth-
piece (pressure drop less than 0.5 in. of water) opened and allowed the condi-
tioned gas to flow from the plenum chamber into the mouth on demand. Upon
expiration, the inspiration check valve closed and the low-pressure-drop expira-
tion check valve (pressure drop less than 0.5 in. of water) opened, thus allow-
ing the expired gas to flow from the bifurcated mouthpiece, through this
temperature-controlled, flexible hose, to the respiration gas meter for volumetric
measurements. After the measurement of the expired gas volume, the gas
was returned to the plenum chamber through the return port, at a distance ap-
preximately 2 ft. downstream of the inspired gas port, and exhausted into the
altitude chamber. The volume of gas flowing through the plenum chamber
(4 cu. ft./min.) exceeded even the strongest inspiration; therefore, the ven-
tilated volume of preconditioned gas through the plenum chamber never reached
zero, and the expired gas was continually washed out of the plenum. Both the
inspired and expired gas systems were connected to the plenum chamber to
prevent a pressure drop across the two systems, thus preventing a “forced”
opening of the inspiration and expiration check valves in the bifurcated mouth-
piece.

A detailed schematic diagram of the respiration circuit is shown in figure 4.

Drybulb measurement. The inspired and expired gas drybulb temperatures
were measured independently at the mouth and also just beyond it. Two micro-
miniature thermocouples were located just within the mouthpiece, one on each
side of the septum, at the mouth, to measure the exact temperature oi the gas
entering or leaving the mouth. The thermocouples had a response time of
10° F./sec. and an accuracy of +=0.2° F. They were connected to a water- and
ice-bath reference junction, and the temperatures were recorded on an Offner
Type S Dynograph with an expanded temperature scale for greater accuracy.
The temperatures also were used to correlate respiration rate with the opening
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of the inspiration and expiration check valves. Two copper-constantan, slow-
response thermocouples were located upstream and downstream of the inspira-
tion and expiration check valves, respeciively, as a backup and a cross-check of
the rapid-response thermocouples. These two were connected directly to a
Honeywell-Brown Electronik strip chart recorder and were monitored periodically.

Dewpoint measurement. A small portion of the inspired and expired gases
was picked up at the bifurcated mouthpiece, upstream and downstream of the
inspiration and expiration check valves, respectively, and ducted through heated
stainless-steel lines to their respective dewpoint instruments. In the case of the
expired gas, the dewpoint sample was returned to the expiration system so that
the volume measurement of the expired gas was not affected. The inspiration
dewpoint sample was returned to the altitude chamber, but not to the inspira-
tion gas system, since it was taken from upstream of the inspiration check
valve.

The inspired and expired dewpoints were measured independently with an
accuracy of +0.5°F. by two AiResearch-built instruments. A gas sample was
picked up at the bifurcated mouthpiece as described above, and ducted through
heated lines, through the altitude chamber bulkhead to the dewpoint instrument.
The gas sample entered the heated dewpoint cell and passed over a heated glass-
chromium mirror mounted on a copper base which extended into a methanol
and Dry-Ice heat sink. A controlled reduction in the amount of electrical cur-
rent passing through the heating element of the mirror-copper base reduced
the surface temperature of the mirror, thus causing dew to form on it at the
water-vapor dewpoint temperature. Light from an incandescent source inside
the sample cell was reflected away from the microscope by the mirror until re-
fraction occurred from dew formation. The light reflection then was detected
instantaneously by visual observation through a four-power microscope mounted
on the sample cell. The mirror surface temperature was sensed by a copper-
constantan thermocouple, embedded 0.001 in. beneath the surface of the mirror.
The thermocouple leads were connected to a water- and ice-bath reference
junction. From the reference junction, the thermocouple signal was conducted
as a millivolt potential through two copper wires to a two-pen Honeywell-
Brown Electronik recorder. An increase in the amount of electrical current
passing through the heating element of the mirror-copper base raised the sur-
face temperature of the mirror immediately, and the dew was vaporized, thus
leaving the instrument ready for dewpoint measurement of another sample.
The gas sample leaving the heated dewpoint cell passed through a variable-area
purge meter, and then through a diaphragm pump for return to the respiration
systems. Each of the two (inspired and expired gas) dewpoint instruments
was connected to one of the two pens on the recorder. Trained personnel were
able to operate the dewpoint instruments reliably with an accuracy of +0.5° F.
and a reproducibility of +0.25° F.

Total pressure measurement. Inspiration and expiration gas pressures were
measured at the bifurcated mouthpiece by absolute-pressure, mercury manom-
eters. The manometer pressures were corrected for temperature effects period-
ically during each test. Alsc, the openings and closings of the inspiration and
expiration check valves were monitored by using two H.O AP transducers (0 to
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1in.), one across each check valve. The signals from these transducers were
recorded on an Offner Type S Dynograph and were used in conjunction with a
respiration strain gage, placed around the subject’s chest, in determining his
respiration rate, as well as for correlating the inspiration-expiration temperature
profiles. Figure 4 indicates the location of the total pressure lines. Figure 5
shows a subject in position for testing, with the AP transducers and the respira-
tion strain gage visible.

Ezxpired water vapor trap. After the physical conditions of the expired gas
were determined at the mouthpiece, the gas was ducted through a short, tempera-
ture-controlled, flexible hose to the respiration gas meter for measurement of
the minute volume. Canisters of silica gel were introduced into the gas stream
intermittently to trap the expired water vapor, thus providing a gravimetric
cross-check of the calculated respiratory water loss. Figure 6 shows the loca-
tion of the silica gel canister in the expiration system. The canisters were
employed intermittently because their use interfered slightly with the minute
volume measurement. When they were not in use, they were replaced by a
length of stainless-steel piping, which permitted more accurate measurements of
minute volume.

Minute volume measurement. The respiratory minute volume was deter-
mined by passing the expired gas through a respiration gas meter (model 59,
Max-Planck Institute for Work Physiology). This instrument was developed
for determining the minute vclume of humans performing various work loads,
and it was ideally suited for this test program. The meter was encased in a
pressuretight cylindrical housing with a Plexiglas window permitting a constant
visual readout. Total pressure and drybulb temperature of the gas meter were
monitored and accounted for in all quantitative measurements. The respiration
gas meter was calibrated frequently to assure an accurate and preciss volu-
metric measurement. From the respiration n:eter housing, the expired gas was
returned to the plenum chamber and exhausted into the altitude chamber. Fig-
ure 6 shows the location of the respiration gas meter.

Suspension of the mouthpiece. The bifurcated mouthpiece was fitted with
a rubber athletic-type mouthpiece, which was inserted into the subject’s mouth.
Because of the weight of the apparatus, the entire assembly was suspended by
attaching two cords to the AP transducers, which were situated at the center of
gravity of the mouthpiece assembly. The cords were run through a series of
pulleys attached overhead in the altitude chamber and secured to a suspension
spring. The suspension spring, located near the top of the chamber, ran parellel
to the floor and was anchored to a perforated plate by a wire hook so that it
could be moved to any position along that plate, thus lowering or raising the
mouthpiece and enabling it to be set at a comfortable elevation for each in-
dividual. The suspension spring allowed the mouthpiece assembly to move up
and down with the subject’s normal amplitude of vertical and horizontal oscil-
lation during exercise on the treadmill. The strategic location and critical
balancing of the suspensior. system allowed an extended tolerance by the in-
dividual for wearing the mouthpiece, and there were no complaints from any of
the subjects.

10
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Bioinstrumentation

Skin temperature. The temperature of the skin was measured with copper-
constantan thermocouples applied firmly with tape at the following locations

(fig. 7) :
1. Dorsum of foot.
2. Anteromedial aspect of leg between knee and ankle.
3. Medial aspect of thigh, midway between perineum and knee.
4. Back, over supraspinatus muscle.
5. Chest, 1 in. medial to nipple.
6. Anterolateral aspect of upper arm, midway between shoulder and elbow.
7. Posterior aspect of forearm, midway between elbow and wrist.
8. Dorsum of hand.
9. Forehead.

A 24-channel Brown-Honeywell recorder was used to record skin temperatures.

BACK (ROUGHLY OVER
SUPRASPINATUS

CHEST (AT 1.5 Im. mEDIAL
TO NIPPLE)

ANTEROULATERAL ASPECT OF
UPPER ARR mILwWAY BETVEEN
SMOULDER AND ELBOW

POSTERIOA ASPECT OF
FOREARR SIDWAT BETWEEN
ELOOW AND wRIST

OOASUR OF MANO

ANTEROMEDIAL ASPECT OF
LEC mIOWAY DETWEEN
KNEE AND PER INEUM

ANTERORED [AL ASPECT OF LEGC
NIDWAY BETVEEN xNEE AND ANKLE

00ASUN OF FOOT

FIGURE 7

Skin temperature sensor locations.
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Tympanic temperature. Changes in temperature of the eardrum were meas- o2
ured with a specially designed copper-constantan thermocouple (22) that was
placed in the ear so that the thermoelectric junction of the wires was touching
the tympanic membrane. The reference junction for the tympanic thermo-
couple was immersed in a thermos jar filled with ice.

Rectal temperature. Temperature changes in the rectum were measured
with a thermistor probe (0.46 cm. in diameter and 3.9 cm. long) that was in-
serted approximately 10 cm. beyond the anal sphincter. Recordings of tempera-
ture both from the rectum and tympanic membrane were made on an Offner
Type S Dynograph.

All temperatures were recorded automatically and continuously at sea level,
at simulated altitudes of 19,000 and 34,000 ft., and in some instances during
simulated ascent and descent.

Electrocardiograph. Continuous electrocardiograms were taken using a
three-electrode system consisting of a bipclar modified V, lead and a ground.
Recording and monitoring were done on the Dynograph; at 5-minute intervals,
the speed of the recording paper was increased from 1 mm./sec. to 10 mm./sec.
to facilitate examination of the tracing.

Respiration. Respiratory rate was determined with a Beckman respiration
strain gage, attached to a belt strapped around the thorax, and by short-time-
constant thermistors located in the inspiratory and expiratory chambers of
the bifurcated mouthpiece. Monitoring and recording of respiratory rate were
done on the Dynograph.

Respiratory minute volun:ie was determined by measuring the flow of ex-
pired air through a respiration gas meter (model 59, Max Planck Institute for
Work Physiolozy).

Test protocol

After the attachment of all sensors, the subject was seated in the altitude
chamber. A nose clamp was applied, and the subject commenced to breathe
oxygen through the mouthpiece apparatus. The oxygen was brought to the
desired experimental condition, and the subject continued to breathe for a
stabilizing period of 15 to 30 minutes. At this time, the subject stood and
began walking on the treadmill at a rate of 2 m.p.h.; this continued for a
30-minute period, and constituted the first test mode. Then the subject, still
breathing on the apparatus, was seated and remained seated for 30 minutes;
this period constituted the second test mode. The third test mode followed
immediately and was identical to the first, except that the treadmill was set
at 4 m.p.h. After this condition, the subject was allowed to rest and to breathe
through an oxygen mask while the chamber was evacuated to 7 p.s.i.; this rest
period was 30 minutes long. The next three test modes were conducted at
7 p.s.i. and were identical to the first three; they were followed by another
30-minute rest period as the chamber pressure was evacuated to 3.5 p.s.i.
Three test modes then were conducted at 3.5 p.s.i.; these were identical to the
tests conducted at sea level and at 7 p.s.i. At the conclusion of these modes,

13




s T = PP

the test was terminated, the chamber returned to ambient pressure, and the
subject removed from the chamber. A typical daily test schedule is shown in
figure 8. Data were collected for all the dependent and independent param-
eters throughout each test mode at 5-minute intervals. All data were re-
duced; however, to ensure that the subject was at physiologic equilibrium and
thus to utilize the most meaningful data, only the last 5§ minutes of each test
mode were utilized for analysis of the effects of the independent variables.

The data were recorded on oscillographs, as digital printouts on recorder
devices, and by hand on data sheets. Data requiring computation were record-
ed during the tests on data sheets arranged for IBM keypunch operations.

Instrumentation error » - . ais

Respiratory water loss‘ grams per minute. The generalized equation from

which respiratory water loss, in grams per minute, was computed is represented
by the expression:

Q P,H,0 P,H,0
Wno=K, — |K, - K,
2 t T, T

where Wuzo = water loss in grams per minute; Q = ventilatory gas volume

in liters; t — time; P,H;O0 and P,H,O = partial pressure of water in expira-
tory and inspiratory gas, respectively; and T, and T, = absolute temperature
of the expiratory and inspiratory gas, respectively. The parameters measured,
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FIGURE 8
Typical daily test schedule.
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the instruments used in measurement, and the percent error applicable to the
range or value of each parameter are listed below:

Parameter Instrument Error Comments

Ventilatory gas volume  Max Planck respiration +3.5% at rest Includes RSS

gas meter +2.3% at 4 m.p.h. meter error

of 2%
Partial pressure of AiResearch-designed *1%
water dewpoint indicator

Absolute temp. of gas Electronic multichannel =+0.14%

strip recorder
Timed interval Electric clock +1.7% (includes reaction

time)

Where a = the error in ventilatory gas volume; b = the error in the timing
intervals; ¢ = the error in the partial pressure of water, and d = the error

in absolute temperature, the total error was computed from:

W g 9T i PalaO = PH;0 . PyH,0 = PHO
B 0O — R
2 t = tb T, = Tyd T, = T,d
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And, after eliminating terms contributing less than 0.1% error,

P,H,0 P,H,O
Ey = K, & Xy e o R T +a +b ¢ =d
H,0 t Ta T,

The maximum errors at the indicated mode are:

I+

I+
>
—

Percent error Mode
+ 6.34 Rest
+ b.14 4 mph,

As indicated above, the most critical source of error was the respiration
gas meter. The device used for calibration of volume-measuring equipment was
a simple variable-rate, variable-volume piston pump. Rate was selected by a
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Zero Max Motor assembly, and stroke volume was determined by positioning
the connecting rod at precision-drilled holes on the driving plate. Dead-space
volt' ae between the piston and the cylinder head was eliminated by adjusting
the cylinder barrel flush against the piston at the top center. A schematic of
the variable-volume piston pump is shown in figure 9. Piston-to-cylinder seal-
ing was effected by a Teflon piston ring assembly designed by Haskell Seals,
Glendale, Calif. Haskell claims negligible leakage at pressures up to 1,000 p.s.i.

Seven precision-drilled holes were provided on the driving plate with piston
displacements of 1,500 through 4,500 cm.3

Dimensions for the pump were:

Cylinder area 334.012 em.?
Linkage length from piston to driving plate 700 cm.?
Radii of precision holes giving a stroke of 1,600 ¢m.3 2.246 cm.
2,000 cm.3 2.994 cm.
2,600 em.3 3.743 cm.
3,000 cm.3 4.491 cm,
3,600 cm.3 5.139 cm.
4,000 cm.3 5.988 cm.
4,600 ¢m.3 6.736 cm.

Displaced volume errors arising from measurment errors are:

Percent error in

Measurement Error expected volume

Cylinder diameter 13 x 10—3% em. (0.005 in.) + 0.13
Piston stroke 26 x 103 ¢cm, (0.910 in.) + 0.57 at 1,600 cm.3
+ 0.19 at 4,600 cm.3

OUTLET
TER
PISTOM i DRIVING PLATE
/— VARIABLE SPEED
4 MOTOR

(O

CONNECT I NG
‘—AOJUS‘ABL[ -l ROD

CYLINDER
PRECISION

ORILLED
HOLES

FIGURE 9

Vartable-volume piston pump.
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Thermal expansion errors resulting from a temperature change of 50°F. are
indicated below:

Ezxpansion of Percent error and direction
Piston linkage 0.57 at 1,600 cm.3; decrease
Cylinder barrel 0.10 increase

Coupling together the piston pump and a Godart spirometer produced the fol-
lowing data:

Indicated stroke (em.3) Strokes per min. Spirometer reading (em3)
1,500 5 1,470 to 1,476
2,000 b 2,006 to 2,010
2,600 6 2,495 to 2,600
3,000 6 3,016 to 3,020
3,600 6 3,615 to 3,620

Calibrating the piston pump by water displacement at the 1,5600-cm.* and
2,000-cm.?® positions indicated stroke volume 1% less than expected.

From the physical, spirometer, and water displacement data, it is concluded
that the accuracy of the piston pump is +1% under all conditions.

The variability and ruggedness of the pump permitted calibration of the test
circuits under actual operating conditions—i.e., hose lengths, valving, and ex-
pected rate and depth of respiration,

For this experiment, the respiration gas meter was calibrated against the
piston pump at th2 1,500-cm.® and 2,000-cm.? stroke positions and at simulated
respiration rates of 5 to 10, 10 to 15, and 15 to 20 per minute.

Shown below are representative data from these tests:

Stroke vol. Strokes Pump volume Gas meter Percent ervor
(liters) per min, delivered reading rel. to pump
2 5-10 60 59.5 0.8 Cylinder set
for
2 5-10 210 208.4 0.8 4,000 em.3
2 6-10 60 60.0 0.0 Cylinder set
2 10-16 60 60.1 0.2 for
2 15-20 60 59.6 0.7 2,000 em.3
1.6 5-10 46 44.5 1.1 Cylinder set
1.6 10-16 45 44.8 0.4 for
1.6 15-20 45 §0.6 0.8 4,000 cm 3
Cylinder set
1.6 16-20 46 44.5 1.1 for
2,000 cm.3
17
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Before this experiment, the piston pump had been used in a slightly different
capacity to draw a known quantity of gas through the respiration gas meter.
Downstream from a large gas storage bottle were inserted, respectively, the gas
meter and the piston pump. Appropriate valving and a demand regulator at
the storage bottle permitted measurable quantities of gas to be drawn through
the meter. The schematic shown in figure 9 clarifies the test circuit.

After correcting for temperature and pressure, the following data were ve-
duced:

Stroke vol. Strokes Wt. of gas Vol. ATPD Meter read Percent
(liters) per min. delivered (kg.) (liters) (liters) error
1.5 16 10.561 805 808 0.37
1.6 16 11.608 888 887 0.12
1.5 6.6 2.566 585 578 1.2

Thus, at the start of this experiment the respiration meter was accurate to
within +1% with respect to the piston pump. At the conclusion of this experi-
ment (total volume measured by the meter approximately 253,000 liters), the
accuracy of the respiration meter again was checked with the piston pump and
was found to be +=2.4% with the pump set at a 1.5-liter stroke at 20 to
25 strokes per minute.

Computational procedures

General. The raw data were collected during this experiment at intervals
of 5 minutes. Sufficient personnel and recording equipment were employed so
that all of the data could be recorded for a single point in time. The data
were recorded directly from the instruments on data sheets prepared for IBM
keypunch operalions and were subsequently keypunched and entered, along with
a preprogram, in an IBM 7074 computer. At all points of listing, the con-
sistency of times, test conditions, subjects, and dates were compared for accu-
rate listings and computations. The results obtained and presented in this
report have been cross-checked with all pertinent control points to assure proper
comparative data. The computer presented all data required for presentation
or subsequent analysis, whether or not these data were required directly for
the computations.

The primary parameters which required computation from the raw data were
(1) respiratory water loss, in grams per minute; (2) minute volume, in liters
per minute; eand (3) mean skin temperature, in degrees Fahrenheit. The other
dependent variables were either directly recorded as raw data or were computa-
tional byproducts of the primary computations discussed below.

Respiratory water loss, grams per minute. Respiratory water loss 1ate was
determined from the inspired and expired dewpoint temperatures and minute
volume. The basic equation used was the general state equation of ideal gases:

PV
PV = WRT, or W = ——
RT
18
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where W — rate of water loss; P = partial pressure of water vapor; V — minute -
volume (rate) ; R — gas constant for water vapor; and T — absolute tempera-
ture.

In this particular program, the rate of water loss was computed in grams
per minute. The necessary constants and conversion factors required to adjust
the raw data to a consistent and operable form were included in the computer
program. The water loss rate was computed by using the difference between the
outlet and inlet vapor conditions and the minute volume. The data collected on
the data sheets which were required to determine water loss rates were:

Data sheet Parameter Remarks
1 Outlet dewpoint Converted to partial presure
1 Inlet dewpoint Converted to partial pressure
2 Meter temperature Converted to absolute temperature
2 Expired volume For calculation of minute volume
(meter summation)
4 Meter pressure

These data may be reduced to:
W = K (expired vapor pressure — inspired vapor pressure) (minute volume)

where K is a combined correction constant permitting the computation of
water loss, W, in units of grams per minute.

Minute volume, liters per minute. The minute volume was determined from
the metered expired air, as described previously, and the time lapse. The data
used from the data sheets to determine minute volume were:

Data sheet Parameter Remarks
2 Volume meter Summation of expired volume
in liters
(All) Time Time lapse from previous volume

reading to current reading

These data reduce to: minute volume (in liters per minute) is equal to the
difference between the present and the previous meter readings (in liters)
divided by the elapsed time (in minutes).

The inspired minute volume was not calculated and was assumed to be the
same as expired minute volume.

Mean skin temperature, °F. The mean skin temperature was determined by
the average temperature of nine skin temperature measurements taken from
the selected locations as described previously. The data used from the data
sheets were:

Data sheet Parameter Remarks
Skin temperature Points 1 - 4
4 Skin temperature Points 56 - 9
19
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These reduce to:

Skin temperature average — ——

The average skin temperature was obtained from all measurements listed; i.e.,
if only seven temperatures were listed, N would equal 7. This factor did not
prove to be a problem since all nine temperatures were listed.

III. SUBJECTS

Five adult males were utilized as subjects in this experiment. Detailed
history and complete physical examination of each subject revealed no abnor-
malities. Each subject was tested under every experimental condition. The
sequence of test conditions was randomized for the independent variables of in-
haled dewpoint and drybulb temperature. A systematic sequence, however,
existed for the variables work rate and pressure, as described previously in
section II.

No subject was tested more frequently than twice a week, and a minimum
period of three days elapsed between successive tests with the same subject.

The subjects are described in table I, which give a summary of relevant sub-
ject characteristics.

TABLE 1
Summary of relevant subject characteristics
Subjects
Jw. |k c 1 ws 1T pe] Rroa

Height, cm. 175.26 176.53 177.80 184.15 187.96
Weight, kg. 64.12 78.96 75.16 62.56 91.16
Body surface area, m.2 1.79 1.94 1.92 1.82 2.16
Vital capacity (VC), ce. 4,494 5,756 5479 5,284 5,633
Tidal volume, cec. 462 677 769 1,239 923
Rate, breaths/min. 16 14 12 7 10
Inspiratory reserve volume, cc. 2,124 3,293 2,524 1,754 2,247
Exniratory reserve volume, cc. 1,908 1,785 2,165 2,278 2,462
Furctional residual capacity, cc. 3,648 3,859 4,219 4,436 4,486
Residua, volume (RV), cc. 1,740 2,075 2,065 2,169 1,921
Total lung capacity (TCL), cc. 6,234 7,830 7,544 7,443 7,563
Forced expiratory volume (FEV),

1.0 sec., cc. 3,539 4,094 3,909 4,679 4,709
i 100 t
— X » perecen 27.9 26. 274 29.0 26.4
TLC i 6.5 b
FEV
Ve X 100, percent 8.7 75.0 713 88.6 83.6

All subjects seated. BTPS, sea level.
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Lung volume and ventilation measurements were made on the subjects with
a Godart Pulmonet (No. 59004). Residual volume and functional residual capac-
ity were determined by the closed-circuit method with helium used as the test
gas. These measurements, summarized in table I, were made to permit com-
parison of data between the individual subjects tested, and comparison with
published data for similar subjects. The values obtained are within normal
limits for healthy male subjects in the same age range (23-26).

IV. RESULTS
General

The results of the experiment are presented in the following pages in graphs.
Correlations, analysis of variance summary tables, tabulations of means, and
standard deviations for all dependent variables will be found in the original re-
port.! In peneral, the presentation of the results is organized about the
matrices of independent variables, and the results are grouped by dependent
rariables.  Consequently, reference should be made to the analysis of variance
matrices for a given independent variable when detailed orientation or inter-
pretation is desired.

The correlations presented in this section are correlations for groups of all
rows, columns, or slices of these matrices. The correlations are presented only
for cases of significant independent variables and only when r = 5. Correlations
are also given for each dependent variable and respiratory water loss (grams
per minute and grams per liter) for cases where r = .5,

The analysis of variance matrices are presented to illustrate the method in
which the data were organized for treatment by this statistical technic. In-
dividual matrices are presented for each condition of inhaled drybulb or in-
haled dewpoint temperature. The significance of the remaining independent
variables on the dependent variable under consideration is presented along the
axes of rows, columns, and slices of each matrix.

Analysis of variance summary tables are presented for each matrix. The
independent variables associated with rows, columns, and slices of the matrix
are defined by R, C, and S, respectively.

The means, standard deviations, and number of subjects for each cell of the
matrix follow each summary table and are identified by the matrix and the
following conventions:

1. Three-dimensional analysiz of variance

Inhaled drybulb temperature constant

Row 1 14.7 p.s.i.
Row 2 7.0 p.s.i.
Row 3 3.5 p.s.i.
Column 1 40° F. inhaled dewpoint temperature
Column 2 60° F. inhaled dewpoint temperature
Column 3 80° F. inhaled dewpoint temperature
Slice 1 0 m.p.h.
Slice 2 2 m.p.h.
Slice 3 4 m.p.h.

iA{Research Manufacturing Co. report LS-140 prepa-ed under contract No. AF 41(609)-2389.
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Inhaled dewpoint temperature constant

i Row 1 14.7 p.s.i.
Row 2 7.0 p.s.i.
Row 8 3.5 p.s.i.
Column 1 55° F. inhaled drybulb temperature
Column 2 75° F. inhaled drybulb temperature
Column 3 95° F. inhaled drybulb temperature
Slice 1 0 m.p.h.
Slice 2 2 m.p.h.
Slice 3 4 m.p.h.

2. Two-dimensional analysis of variance

Inhaled drybulb temperature 55° F. at 40° F. inhaled dew potnt temperature

Row 1 14.7 p.s.i.
Row 2 7.0 p.s.i.
Row 3 3.5 p.s.i.
Column 1 0 m.p.h.
Column 2 2 m.p.h.
Column 3 4 m.p.h.

Inhaled dewpoint temperature 80° F. at 95° F. inhaled drybulb temperature

Row 1 14.7 p.s.i.
Row 2 7.0 p.s.i.
Row 3 3.5 p.s.i.
Column 1 0 m.p.h.
Column 2 2 m.p.h.
Column 3 4 m.p.h.

The graphs were selected for clarity of presentation, and their axes are not
consistent throughout this section. The dependent variables are plotted by use
of the means of the measurements taken for all five subjects.

Respiratory water loss, grams per minute

This de er lent variable represents the increment of water added to the gas

during - .un as a function of time. It will be noted that each independent
variable k rate, pressure, inhaled dewpoint temperature, and inhaled dry-
bulb tem .. .ure) has a significant effect on respiratory water loss. The means

of the relevant data are presented graphically in figures 10, 11, and 12. The
analysis of variance matrices for this dependent variable are given in figure 13.

S In general, the rate of water addition during respiration increases more
{ than 100% as work rate increases from rest to 4 m.p.h. on the treadmill. The
rates of water loss observed ranged from 0.060 gm./min. to 0.548 gm./min.
Raising the inhaled dewpoint temperature results in a decrease in the rate of
water loss. An increase in either pressure or inhaled drybulb temperature re-

sults in an increased rate of water loss.
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FIGURE 10

Respiratory water loss, grams per minute, as a function of treadmill speed, miles
per hour, at 95° F. drybulb.
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FIGURE 11

Respiratory water loss, grams per minute, ae a function of treadmill speed, 1.iles
per hour, at 75° F. drybulb.
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FIGURE 12
Respiratory water loss, grams per minute, as a function of trecadmill speed, miles

per hour, at 55° F. drybulb.
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The linearity of the data is evidenced by the table of correlations (table II).
Many of the correlations of interest were not computed because of the iagni-
tude of the task.

The IBM 7074 data printouts showing the analysis of variance summary
tables and the cell and general means are presented as figures 14 through 19.

Respiratory water loss, grams per liter

This dependent variable represents the increment of water added to each
liter of respired gas for a given test conlition. The means of the relevant data
are presented graphically in figures 20, 21, and 22. The analysis of variance
matrices for respiratory water loss, grams per liter, are given in figure 23.
The amount of water added to the respired gas was observed to vary from
0.0067 gm./liter to 0.0268 gm./liter. This measurement of the rate of water
loss differs from the previous dependent variable, respiratory loss measured
in grams per minute, by eliminating the effect of work rate and the related ef-
fects of minute volume and respiratory rate. The decreasec in respiratory water
loss caused by increasing inhaled dewpoint is again quite apparent. The
effects of pressure and inhaled drybulb temperature on this parameter are not
clearly defined. The high correlations (.98 and .92) indicated in table III, how-
ever, show the predictability of water loss per respired liter when inhaled dew-
point temperature is known. The IBM 7074 data printouts showing the
analysis of variance summary tables and the cell and general means are present-
ed as figures 24 through 29.

Because of the rather small numbers, the data were transformed by 10%.
This transformation still exists in the tabulation of means and standard devia-
tions. In reading grams per liter means and standard deviations, therefore,
the correlation 10-3 should be applied.

Total expired water rate, grams per minute

The means of the relevant data for this dependent variable are presented
graphically in figures 30 through 33.

TABLE 11
Respiratory water loss, grams per minute
With independent variables r

Work rate, m.p.h., at 95° F. drybulb .66250
75° F. drybulb .95069
55° F. drybulb .96807
40° F. dewpoint 94523
60 F. dewpoint .96025
80° F. dewpoint 97292

Dewpoint temp., °F., at 95° F. drybulb .68265

Correlations, as computed, with significant independent variables, when r = .5.
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THREE DIMENSIONAL ANALYSIS OF VARIANCE
DELTA WATER RATE GM/MIN 95°F DAYOULY
SUMMARY TABLE
SOURCE NF $S N
A WORK RATE 2 1.09018 0.54500
8 DEWPOINT 2 1.06589 0.53298
C_ PRESSURE 2 0,0392¢ 0.01762
AB 4 0.1418)3 0.03%46
AC 4 0.0150) 0.0037¢
AC 4 0,00%69
ABC 8 0.00351 0.00044
W CELLS 102 0.2365%9% 0.00232
107AL 128 2,59390
SLICE 1 T -
coL |\ coL 2 coL 3
ROW 1 MEAN 0.20800 0.15400 0.06000
SIGMA 0.03271 0.02302 0.00000
. __ND_SumJECTS @ 3. 3 4
ROW 2 MEAN 0.19209 0.13400 0.06500
— S IGMA 0,03%64 0,00548 2,02380
NO SUBJECTS 5 s Y
AOW ) MEAN 0.,10000 0,)200Q00 = Q0,06800 .
SIGMA 0.045%0 0.0303) 0.0164)
NO SUBJECTS s 5 5
SLICE 2 B - B
coL 1 coL 2 coL 3
ROW 1| MEAN 0.32000 0.25800 0.092%0
SIGhA 0.05385 0.03962 0.012%8
L __NO_SUBJECTS ) 5 . R
ROW 2 MEAN 0.33600 0.24200 0.10500
S IGMA 0.06219 0.032711 0.03000
NO SUBJECTS 3 s 4
___ROW 3 MEAN =~ 0.30400 0.19200  0,]}1600
SIGHA 0.05550 0.03564 0.03564
NO SUBJECTS 5 5 s
SLICE ) S o - -
coL | coL 2 coL )
ROW | MEAN 0.54800 0.42200 0.102%0
S1GMA 0.0729%9 0.06870 0.03304
__ ND SusJECTS s 5 4
ROW 2 MEAN 0.49600 0.3%400 0.19000
6169 _____0,067680 = 0,0383
ND SLBJECTS 5 s 4
—ROW 3 MEAN 0 0.492Q0 __ 0,314Q0 0.119000
W STGMA 0.10038 0.0850) 0.03464
NO SUBJECTS 5 S s
GENERAL MEAN® 0.2}
FIGURE 14
. Respiratory water loss, grams per minute, 95° F. drybulb.
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THREE OIMENSIONAL ANALYSIS OF VARIANCE

—_DELTA WATER RAJE GM/MIN 75°F DAYAULE
SUMMARY TABLE

SQURCE DE $s As
A (WORK RATE 2 1.05378 0.52607
8 OEWPOINT l 0.00900 0.00900
C_PAESSURE' 2 Q.04526 0,02262 = .
T} 2 0.00765 0.00302
AC 4 0.010%) 0.0047)
]9 2 -2.0181)  0,0090%
ABC Iy 0.00697 0.0017¢
W CELLS 12 0.19092 0.00276
INTAL 89 1.1%81¢6
SLICE ]
coL 1} coL 2
ROW | NEAN 0.15000 0.15200
SIGMA 0.0%5099 0.03271
NO_SUBJECTS R |
ROW 2 MEAN 0.13800 0.14200
S IGMA 0.03347 0.03962
NO SUBJECTS [ 5
ROW 3 MEAN 0.14000 0.15200
SIGMA 0.0339] 0.01924
NO SUBJECTS 5 s
SLICE 2 T
coL 1 coL 2
ROW | MEAN 0.35000 0.27000
S IGMA 0.06245 0.04123
o ND _SUBJECTS D T
ROW 2 MEAN 0.26600 0.23800
S LGMA 2.0639) 2.0467)2 -
NO SUBJECTS 5 5
__ROW_3) MEAN__ = 0,2)400 _0,22800
S IGMA 0.03647 0.04604
NO SUBJECTS 5 5
TTSLICE T T -
coL 1\ coL 2
AOW | MEAN 0.48800 0.40600
SIGMA 0.uU9680 0.06148
S . NO_SUBJECTS . - T [ J
ROW 2 MEAN 0.42400 0.38000
S IGMA __0.08050  0.07550
NO SUBJECTS 5 [
__ROW 3 MEAN _~  0.37000 0.3%200
SIGMA 0.US140 0.02367
NO SUSJECTS s s
TTGENERAL MEANs  0.21 T ' TTmAT T
FIGURE 15

Respiratory water loss, grams per minute, 75° F. drybulb.
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As mighi be expected, the total expired water rate in grams per minute
responds to the independent variables in much the same way as respiratory
water loss expressed in grams per minute. This relationship is reflected in the
unusually high coefficients of correlation shown n the lower portion of
table IV. The effect of dewpoint for the 75° F. inhaled drybulb condition also
reflects the effect obse:ved for rate of water loss (grams per minute); how-
ever, the effect of inhaled dewpoint on total expired water is not clear for other
drybulb conditions.

Total expired water rate, grams per liter

The means of this dependent variable, total expired water ratz in grams per
liter, a~e presented graphically in figures 34, 35, and 36.

The total expired water rate expressed in grams per liter, in contrast to
total expired water rate in grams per minute, differs considerably from the
respiratory water loss. Increases in inhaied dewpoint temperature correspond
to increased total expired water, although the water loss decreases. Once
again, however, inhaled dewpoint temperature is the main effective independent
variable, and high correlations are observed between inhaled dewpoint and total
expired water, grams per liter (table V).

RESPIRATORY WATER LOSS (ORAL)-DELTA WAFER RATE GM/MIN $3 DEu. £ ORYBULS
_ _RePRESSURNE CeWORKRATE S240 OEG. F OEG. DEWPOINT

SUMMARY TARLE

SUURCF . hF I » . M§
A 0.00000 0.00000 -
B  WORK RATE 2 0.646689 0,32344
- C  PRESSURE 2 0.01212 0.00606 i
an 0 0.00000 0.00000 ' -
AC 0 J.03000 U.03000
AC . 9 0 J.00993)  0.00268
ABC 0 v.00000 0.00000
W CELLS 39 0.16732 0.00478
. toraL ) V.83628 ) o
SLICE 1
cou 1 cor ? cot 3
ROW 1 FSAN T 0.16800 0.29400  0.47000 T
SIGMA 0.02280 0.0%899 0.07071
NO SUBJECTS ! b} ) 5 e
ROW 2 MEAN 0.14750 N.23600 3.47000
o sloMa 0 2.,05188  7,0B8081_ Q.11203
NO SUBJECTS Y b S
RON 3 MEAN 0.15600 0.24400 0.4)1200 )
S TGMA 3.03447 L03667 0.09445 -
NO SUBJECTS 3 5 b
" GENERAL MEANe 0.29 o -
FIGURE 16
Regpiratory water 1.as, grams per minute, 55° F. drybulb.
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THREE DIMENSIONAL ANALYSIS OF VARJANCE

DELTA WATER RATE GM/MIN 40°F

DEWPO INT

— —— -

SUMMARY TABLE

SOURCE OF 133 "
A WORK RATE 2 1.99620 0.99814
8 oRvsULE 2 0.09024 0.04512
C PRESSURE 3 0.03012  0Q.,029%¢
AD 4 0.01088 C.00472
AC . 0.01784 0.00446
ac . 0,01232 0,00)00
T4 e 0.01042 0.00230
W CELLS 107 2.42000 0.0039)
TOTAL 13 2.63208
SLICE 1 o ) I T
cou | coL 2 coL )
ROW 1 MEAN 0.16800 0.15000 0.20000
SIGMA 0.02200 0.0%5099 0.03271
e ND SUPJECTS 8 8 9
ROW 2 MEAN 0.14750 0.13800 0.19200
_— M 9.,u5189
NO SUBJECTS [ ) 5
___40M 3 MEAN 0.1%5600  0,14000  0,18000
SIGMA C.C3847 0.03391 0.04550
NO SUBJECTS s s s
sLice 2 - T -
cou 1 coL 2 coL )
ROw | HNEAN 0.29400 0.35%000 0.32000
SIGMA 0.05699 0.06245 0.05388
NO SupJeECTY % 8 3
ROW 2 MEAN 0.23600 0.26600 0.33600
S LGMA 0.0600} 0.0439) 0,04219
NO SUBJECTS [} 5 [
ROV 3 MEAN 0.26400  0,23400  0,30400
STGMA 0.036a7 0.0%128 0.05550
NO SUBJECTS ) s s
SLICE ) o
coL | coL 2 coL 3
ROW | MEAN 0.47000 0.48800 0.54800
S 1GMA 0.07071 0.09680 0.072%9
. _NQ SusJECTS 000000 s 5 3
ROW 2 MEAN 0.47000 0.42400 0.49600
S1GMA 0,1120) 0,08050 0.06109
NO SUBJECTS 5 [ ] L )
ROW 3 MEAN 0,41200 0w37000  0,89200
SI1GCMA 0.09649% 0.05148 0.100)38
ND SUBJECTS s s s
GENERAL NEAN= 0.31
FIGURE 17

vy

Respiratory water loss, grams per minute, 40° F. dewpoint,
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THREE DIMENSIONAL ANALYSIS OF VARIANCE

__DELTA WATER RATE GM/MIN 60°F DEWPDINTY e
SUMMARY TABLE

SOURCE 114 8§ ns
A WORK RATE F] C.0)611 0.41708
8 YSUL 1 0.00729 0.0072¢
G PressumE 2  0,02038_ __ Q.01419
AD 2 0.0015) 0.00076
AC s 0.00800 0.00200
BC 2 00936
ANC . 0.00461 0.00119
w CELLS 12 0.16408 0.00220
_ _101AL (1] 1,08131
—RreE 1 - o
cou 1 coL 2
oW T wWEAN T 0.15%00  0.15400
SIGMA 0.03271 0.02302
o _NO_SUSJECTS . 3 5 o
ROM 2 MEAN 0.14200 0.13400
SIGMA 0.03962 0.00548
NO SUBJECTS s [
ROW 3 MEAN ___0.15200  0Q,12800
SIGMA 0.01924 0.0303)
NO SUBJECTS 5 s
TTsLICE 2 o o o
coL 1 coL 2
ROW |  MEAN 0.27000 0.25600
SIGMA 0.04123 0.03962
____NO _SUBJECTS . ) T S
ROW 2 MEAN 0.23800 0.24200
S1CMA 0.04712 0,021
NO SUBJECTS 5 [
~_ROM ) mEaNy === =0 0,22000 _Q.19200
SIGMA 0.04604 0.03564
NO SUBJECTS M s
SLICE = ' -
coL 1 coL 2
RON | HEAN T 0.40600 @ 0.42200
SIGMA 0.06148 0.06870
i __NO_SUBJECTS ) S 5 I
ROW 2 MEAN 0.38000 0.35400
S 1GMA 0.07350  0,Cé768
NO SUBJECTS 5 5
__ROw ) MEAN. === 0,39200 0.31400 I
“ SI1GHA 0.02387 0.08503
NO SUBJECTS s 5
{ CENERAL MEANS 0.25
FIGURE 18

Respiratory water loss, grams per minute, 60° F. dewpoint.

30

o



Minute volume, liters per minute (ATP)

As expected, the data on this dependent variable show that minute volume
increases markedly with increases in work rate. Also, minute volume is shown
to be directly related to pressure, increasing as pressure increases (figs. 37, 38,
and 39). The differences in minute volume due to pressure effects, though not
large at the lower work rates (1.0 liter ‘'min. or less), are quite large at the
higher work rates (up to 8 liters/min. for a difference of approximately 337).
This pressure effect is consistent and statistically significant.

The linearity of minute volume as a function of work rate for each condition
of inhaled dewpoint and drybulb temperature is indicated by the high correla-
tions shown in table VI. The table also contains correlations between minute
volume and water loss in grams per liter. These correlations indicate that, for a
given set of inhaled conditions, the rate of water loss can be closely predicted by
knowledge of minute volume.

RESPIRATORY WATER LOSS(ORAL)-DELTA WATER RATE Gk/MIN 80 OEG., F DEWPOINT
—RePRESSURE CowWORXRATE ===~ _ )

SUMMARY TARLE

SOURCE L s§_- ns
A 0 0.00000 0.00000
B WORK RATE 2 0.08880 0.04440
— .G _PRESSLRE R 0.00049 ___ 0.00029
AB 0 9.00000 0.00000
aC 0 0.00000 0.00000
BC \ 0,0029) 0,00031
ABC 0 0.00000 0.00000
W CELLS 30 0.02351 0.0078
101AL 1) 0.1148)

TRESPINATORY WATEN (OSSTORALI-DELTA WATER RATE GM/MIN 00 DEG. F DEWPOINT
RePRESSURE CoWORKRATE

SLICE 1
cou 1 coL 2 coL )
ROW I NEAN 0.06000 0.092%0 0.102%0
SIGMA 0.00000 0.01258 0.03304
_____NO _sueJects _& . S LI
ROW 2 MEAN 0.06500 0.10%00 0.19000
SIGMA 0.02380 0.723009 0.03830
NO SUBJECTS 4 4 4
ROW 3 MEAN 0.06800  0.11800 0.17000
SIGMA 0.0164) 0.03%564 0.03464
NO sUBJECTS 5 S S
GENERAL NEANe 0.1¢
FIGURE 19
Respiratory water loss, grams per minute, 80° F. dewpoint,
31
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The data indicate that inhaled dewpoint had an effect on minute volume
which is statistically significant for both the 75° F. and 95° F. inhaled drybulb
temperature conditions. The reason for the apparent effect of dewpoint on
minute volume, which is opposite for these two conditions, is unknown,

Expired dewpoint temperature, °F.

The expired dewpoint temperature depends primarily on the inspired dew-
point temperature. The following graphs and the statistical analyses (figs. 40,
41, and 42 and table VII) indicate that expired dewpoint temperature is
elevated significantly as the inspired dewpoint temperature is raised.

A systematic and significant effect of inhaled drybulb temperature is ap-
parent when the inhaled dewpoint temperature is 40° F. Under this condition,
expired dewpoint increases as a direct function of inspired drybulb tempera-
ture. Pressure also has an apparent effect on expired dewpoint for the 80° F.
inhaled dewpoint, 95° F. inhaled drybulb, temperature condition.

0.0)T

——t— (& 1 P.$. |

—— e e 1.0 P.$.].
------- 3.9 p.8.1

0 029

‘ﬁri"'Yi

L83, mtAnS. A /LLITER

" 3 {1}

a0iQ

[ ]
2008 }— 6" 0.°

|
2 000 , J

MEADAILL PCED, WP .

FIGURE 20
Respiratory water loss, grams per liter, as a function of treadmill speed,
miles per hour, at 95° F. drybulb.
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Expired drybulb temperature, °F.

Expired drybulb temperature varies directly with inhaled drybulb tempera-
ture and inhaled dewpoint temperature, and varies inversely with work rates;
these effects may be seen in figures 43, 44, and 45. These relationships are
consistent and statistically significant. Highest correlations with expired dry-
bulb temperature, however, are obtained with inhaled drybulb temperatures, as
shown in table VIII.

Respiration rate, breaths per minute

Respiration rate, as might be expected, varies considerably for a given sub-
ject, between subjects, and across conditions. Work rate, however, exerts a
direct, consistent, and statistically significant effect on respiration rate. The
means of the relevant data for respiration rate are presented graphically in
figures 46, 47, and 48.

14.7 ¢.8.1.
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L
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TREADAILL SPEED N.P.N.

FIGURE 21

Respiratory water loss, grams per liter, as a function of treadmill speed, miles
per hour, at 75° F. drybulb.
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Heart rate, beats per minute

As expected, heart rate varies directly with work rate and inversely with
pressure (figs. 49, 50, and 51). This relationship is consistent and statistically
significant.

Mean skin temperature, °F.

Average skin temperature shows considerable variance among both subjects
and conditions, as illustrated in figures 52, 53, and 54. There are, however,
two significant jarameters: work rate and pressure. Skin temperature in-
creases with decreasing pressure, apparently because of lower rates of heat
transfer. On the other hand, skin temperature decreases with increasing work
ioad because of perspiration.
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F:-«---_ e
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=
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>
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FIGURE 22

Reapiratory water loss, grams per iiier, as a function of treadmill speed,
miles per hour, at 55° F. drybulb.
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Rectal temperature, °F

The dependent variable rectal temperature, as anticipated, varies directly
with work rate. Rectal temperature was also observed to vary with the
parameters that affect heat transfer from the lungs. In particular, rectal
temperature increases as both inhaled drybulb and inhaled dewpoint teimpera-
tures increase (fig. 55 through 58). It will be recalled that increases in in-
haled dewpoint correspond to decreases in respiratory water loss (i.e., latent
heat loss).

Rectal temperature also varies inversely with pressure. It is not known,
however, whether this effect is due to the lower sensible heat loss at reduced
pressures, an artifact of the daily test sequence, a combination of the two, or
other factors associated with pressure. It will be recalled, however, that de-
creases in pressure correspond to lower rates of respiratory water loss and
lower minute volume. These two effects in turn correspond to lowered respira-
tory heat transfer, which may be reflected in elevated core temperatures as a
function of pressure.

N%. (Sl YR TDP. W'Y, el FRNIET TR,

Lo Riri)
g 8.5
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sts. <.§i

wn an [ g
(m..u)
e F,

7. 1BALD RTINS TLW. o'y, IENLLE MMTRINT TN

ik T 8. ¥
- T F vax mre [ J
(mrm) h o | L (n.p.m.) ? L L
e s stweInY (°r.) $16. w8, savevs (°f)
L $16. <.01 . 2} s16. 0.8,

0°7. (Ml $OWeINT TOWD.

FIGURE 23

Analysis of variance matrices; dependent variable respiratory water loss, grams
per liter.
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RESPIRATCRY WATER LCSS (ORAL) DELIA WATER RATE GM/L 95 DEG. F
"RePRESSURE C=CEWPOINT S=wORKRATE LATA TRANS 1000
_ SUMMARY JABLE S
SOURCE nF $S MS
A WORK RATF 2 19.479C0 9.73950
_ B DEWPOINT 2 1836.24100 19168,12050 _
¢ PRESSURE 2 2.89H00 1.44900
AB 4 6.82800 1.70700
AC S HoHCCQO 2,20€000
BC 4 43.44000 1€.86C00
ABC 8 2.16200 0.26715
W CELLS 102 724.13200 1.0993) )
0T AL 178 46643.96CC0O
SLICE 1 ) _
cce o coL 2 ccL )
___RNwW 1 MEAN 21.9290C  11.54CCN 1.500€0 _
SI1GMA 1,572379 L.14524 0.36515
NO SUBJECTS 5 5 4
KOW 2 MEAN 22.500C0 17.20C00 ¥.80000
SIGMA 2.02114 3.32190 2.5541)
- __NC SUBJECTS S 5 § 4
ROW 3 MEAN 21.180C2 17.34000 9.860C0
a SIGMA 2.06688 6.18167 1.52905%
N SUBJECTS 5 5 5
SLICE 2 i
ccL 1t coL 2 tcL )
ROW 1 MEAN 21.14500 16.18C00 6.55700
STGMA 1.66352 2.40354 1.636C5
NO SUBJECTS 5 5 4
ROW 2 MEAN 21.88C0 16.829C0 8.45000
SIGMA 1.9829) 2.37145 0.96182
NG SUBJECTS 5 51 . S
ROW 3 MEAN 21.920C0 15.7CCC0 9.320C0
- StoMa 1.53236 3.1868) 1.92666
NC SUBJECTS 5 5 5
SLICE ) A
cCL t coL 2 coL )
ROW | MEAN 22.860C0 17.64600 8.12506
SIGMA 2.34153 2.11140 0.97425
NC SUBJECTS 5 5 4
KOW 2 MFAN 22.380%0 16.14C00 9.025¢C
SIGMA 1.97614 2.712635 1.17589
NC__SUBJECTS 5 5 «
KOW 3 VMEAN 22.66CN0 15.8R000 10.28600
b Y SIGMA 1.82291 3.61483 2.69574
NC SUBJECTS 5 5 5
{
GFNERAL MEAN: 15.87
FIGURE 24
: Respiratory water loss, grams per liter, at 95° F. drybulb.
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RESPIRATORY WATER LOSS [ORAL) DELIA WAFCR RATE GM/L 15 OCC. £

RePRESSURE CoDEWPOINT SewCRXRATE

DATA TRANS 1000

T TSUMMARY TABLE

SOURCE F 33 “s
A K MIE > 11,70600  5,45300
® OEWPOINT 1 186.62500 186.62500
C  PRESSURE: 2 2.95300 1.47650
a ___AB 2 _).28700 _0.663%0
AC 4 2.66200 0.66550
He 2 5.05200 2.52600
ABC 4 5.83600 1245900
W CELLS 72 254.81600 3,53994
T0TAL 9 470.99700
___SLice y - ~ o
coL i coL 2
ROW | MEAN 20,2000 16.80000
STcHA 0.30822 1.96850
NO SUBJECTS 5 5
T RON 2 MEAN 19.78C00 16.76000 -
SIGMA 1.73118 1.58597
NC SUBJECTS 5 5 _
ROW 3 MEAN 2C. 16000 17.22000
SIGMA _ 1,07610 4.09536 N
NO SUBJECTS ;) 5
sLice P4 e - S
coL 1 coL 2
ROW | MEAN _19,64QC0 15,12000 -
S1GMA 1.13270 1.69322
NO SUBJECTS 5 S
WOW 2 MEAN 10.88C00  16.46C00
SIGMA 1.40961 1.83929
NC SUBJECTS K} s
ROW 3 MEAN 15.00000 16.52000
SEOMA_  1.95115  L.T748%0 __
NO SUBJECTS b 5
. SLice 3 N —wm 0 e = v
ccL 1 coL 2
ROW | MEAN 19.40000 16.56000
STGAA 2.04695 1.471919
NO SUBJECTS 3 s
ROW 2 MEAN T 20.30000  1e,7200 0 0 0 T T
SIGMA 1.57162 1.84986
NO SUBJECTS ] s
ROW 3 MEAN 16.56000 18.32000
_S1GMA 1.641527  2.37634
NGO SUBJECTS 5 5
GENERAL MEANs 18.23
FIGURE 26

Respiratory water loss, grams per liter, at 75° F. drybulb.
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TABLE III

Respiratory water loss, gramas per liter

With independent variables r
Dewpoint temp., °F., at 95° F. drybulb 98414
76° F. drybulb 92814
Drybulb temp., °F., at 40° F. dewpoint 54439
Pressure, p.s.i.a., at 80° F. dewpoint 89872

Correlations, as computed, with significant independent variables, when r > 5.

RESPIRATORY WATER LOSS IORAL) DELTA WATER RATE GM/L 5SS DEG. F DRYDULS

RePRESSURE CsWORKRATE DATA TRANS 1900
- T T “SUMMARY TABLE - -
SOURCE nE $S MS

A ¢ ¢.00C00 €.000C0
A WORK RATE F] 7.64460 3.82200
C  PRESSURE 2 2.83110 1.41850
— A 0 .0.00000 _ 0.00000
AC ¢ ©0.06000 €.00000
8C . 4.25200 1.06300
ABC 0 0.9N00¢C 0.00600
W CELLS 36  172.39600 4, 78878

10T AL 44 107.12900

. svgce A e
oL 1 coL 2 coL 3
ROW ]| MEAN 21,92000 21.14000 22,860C0
STGMA 1.52378 1.69352 2.34158
NO SUBJECTS s 5 5
ROW 2 MEAN 22.50000  22.00000 22.38000
S IGMA 2.02114 2.09571 1.97914
NG SUBJECTS 5 5 5
ROW 3 MEAN 21.18000 21.92¢00 22.660C0
S 1GMA 2.06688 1.53036 1,8229])
NO SUBJECTS 3 5 3
GENERAL MEANe 22,29

FIGURE 26
Respiratory water loss, grams per liter, at 55° F. drybulb.
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RESPIRATCRY WATER LOSS

(ORAL) DELTA WATER RATE GM/L 40 DEG. F DEKPOINT

ot

SUMMARY_TABLE
SOURCE DF $s MS
A WORK RATE 2 36.13600 18.06R00
B DRYBULB_ 2220418700 _ 110,093%Q .
C  PRESSURE 2 4.06700 2.03350
AB 4 4.87100 1.21925
AC & 12.84800 _ 3,212Q0
ac 4 4.26400 1.06100
ABC 8 18.654600 2.31225
W CELLS )02  378,017400 __ _3,53432
107 AL 133 679.18900
. SLICE 1} o . o P
ccu 1 cou 2 caL 3
ROW | MEAN 18.66CCY 20.20000 21.90000
SIGNA 1.19499 0.30822 3.48927
NC SUBJECTS ] 5 5
T TR0OW 2 MEAN 19.90600 19.78000  22.50000
SIGMA 2.051¢2 1.73118 2.02114
NC SUBJECTS 4 5 5
ROW 3 MEAN 21.20000 20.16000 23.180C0
- — SIGHA 2.90172 1.07610 ~ 2.06688
NO SUBJECTS 5 5 5
. SLIcE 2 - S
coL | coL 2 coL 3
ROW | MEAN 15.10000 19.64000 21.14000
SIGMA 1.65982 1.13270 1.69352
NO SUBJECTS 5 5 5
ROW 2 MEAN 18.40000  18,88000  21.A8000
SIGMA 1.21861 1.40961 1.9829)
NO SUBJECTS 5 s s
ROW 3 MEAN 11.64000 19.080¢0 22.26000
S1GMA 233731 1295) 05 _ 1494493
NG SUBJECTS 5 5 s
. SLice >y - e
ccL | coL 2 ccL 3
ROW | MEAN 1516000 19,4000 22.06000
SIGMA 1.40107 ¢« N4E9S 2.490%8
NO SUBJECTS 5 ] 5
ROW 2~ MEAN "2€.86C00  2€.30C00  22.38000
SIGMA 1.90997 1.5T7162 1.97914
NO SUBJECTS 5 5 5
HOW 3 MEAN 2C.28000 19.56C00 22.660C0
— ___SIGua 1.89658  1.41527 _ 1.8229]
NO SUBJECTS 5 5 s
GENERAL MEAN® 20.45
j
FIGURE 27 |
% -
Respiratory water loss, grams per liter, at 40° F. dewpoint.
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RESPIRATORY WATER LOSS (OMHaL) DELTA WATER RATE GM/L 60 DEG. F DEWPOINT

RePRESSURE C+DRYBULB SsWORKRATE OATA TRAAS 1000

SUMMARY TADLE

LS8 Y

SOURCE OF $$ “s
A WORK RATE 2 12.90200 6.45100
B DRYBULS 1 J.19/00 0.19700
C PRESSURE 2 0.37300 c.18650
AB 2 5.02700_ 2,513%0
AC « 5.31000 1.321750
nC 2 11.66400 5.83200
ADC 4 5.19800 1.29900
W CELLS T2 617.40800 8.85269
T0TAL 89 678.07700
—s\lce o, -
ceL o cuL 2
‘ROW §  MEAN 1¢,80000 17.54€00
SIGMA 1.966050 6.16524
NO SUBIECTY 5 5
ROW 2 MEAN 16.76000  11.,20000
SIGMA 1.54997 3.32190
NO SUBJECTS 5 5
ROW 3 MEAN 17.22000 17,34C00
S IGMA 4.09536 6.18167
NO SUBJECTS 5 S
. Supce 2 00 . o
cuL 1 coL 2
ROW | MEAN 15.172000 16.18000
STGMA _ 1.69322 2.40354
NO SUBJECTS 5 5
HOW 2 HMEAN 16.46C00 16.82¢00 T
SIGMA 1.83627% 2.87785
NO SAMPLES 5 5
ROW 3 PEAN 16.52000 15.70000
STGMA 1.74557 3.18983
NO SUBJECTS 5 5
sSLICE b B
coL | coL 2
ROW ) MEAN 16.56000 L7,44000
S1UMA 1.47919 2.11140
NO SUBJECTS 5 5
ROW 2 MEAN  1é€.72CCO0  16.14000
S IGMA 1.84986 2.12615
NO_SUBJECTS 5 5
ROW 3 #EAN 18.32000 15.88CC0
_S1GMA 2.3763¢ ___3.61483
NO SUBJECTS s 5
GFNERAL FEAN® 16,74
FIGURE 28

Respiratory water loss, grams per liter, at 60° F. dewpoin®.
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RESPIRATORY WATER LOSS (ORAL) NELTA WATER RATE .GM/L 00 DEG. F DEWPOINT L -

RePRESSURE CeWORKRATE DATA TRANS 1000

—————————— e e — - —

SUMMARY TABLE

SOLRCE OF $S S
2 0 0.00000 0.00C00
R . g MONKCBATE 6.99260_ ____3,49640
o PRESSURE, 2 39.526570 19,.76485
AD 0 Q.0CC00 €.00000
AC 0 0200
8C 4 1.03600 0.25900
ABC 0 0.00000 0.00000
W CELLS 30 91,15900 3.03862
107 AL 38 138.71150
SLICE | S B
coL 1 oL 2 ceL
ROW 1| MEAN 7.500C0 6.550C9 8.12500
STGRR 0. 36315 1.63605 0.97425
NO SUBJECTS 4 4 4
TTROW 2 MEAN “2.80000  8.450C0  9.02560
SIGMA 2.5541) 0.961782 1.17580
NO SUBJECTS . g é
ROW 3 MEAN §.48000 9.32000 10.24000
S1GMA 1453525 1.92666 __ 2.695174
NO SUBJECTS 5 5 5
GENERAL MEANs B.b6
FIGURE 29

Respiratory water loss, grams per liter, at 80° F. dewpoint.

TABLE IV

Total expired water rate, grams per minute

With independent variables

Work rate, m.p.h,, at 96° F. drybulb .96596
75° F. drybulb 93039

66° F. drybulb .96966

40° F. dewpoint 94597

C0* F. dewpoint .96289

80° F. dewpoint 97326

With respiratory water loss, gm./min.

95° F. drybulb, 80° F. dewpoint 93310

95° F. drybulb, 60° F. dewpoip’. 97962

96° F. drybulb, 40° F. dewpoint 98841

76° F. drybulb, 60° F. dewpoint 98830

76° F. drybulb, 40° F. dewpoint 99912

65° F. drybulb, 40° F. dewpoint 99764

Correlations, as computed, with significant independent variables, and with respiratory water loss, grams per

miaute, when r 2 .8,
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TABLE V

Total expired water, grams per liter

With independent variables

r
Dewpoint temp., °F., at 95° F. drybulb .83275
75° F. drybulb 92960
Drybulb temp., °F., at 40° F. dewpoin* 16240
Pressure, p.s.ia., at 80° F. dewpoint 87931
With respiratory water loss, gm./min. None >,
With respiratory water loss, gm./liter
95° F. drybulb, 80° F. dewpoint 715048
96° F. drybulb, 60° F. dewpoint .85741
956° F. drybulb, 40° F. dewpoint .67981
75° F. drybulb, 60° F. dewpoint 90059
76° F. drybulb, 40° F. dewpoint .94048
3° F. drybulb, 40° F. dewpoint 95627
Correlations, as computed, with significant independent variables. and with respiratory water loss,

per minute and grams per liter, when r = 8,
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FIGURE 30

Total expired water rate, grams per minute, as a function of treadmill speed,

miler per hour, at 95° F. dryhulb.
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TABLE VI
Minute volume, liters per minute
With independent variables r
Workrate, m.p.h,, at 95° F. drybulb 96119
76° F. drybulb .95684
65° F. drybulb 98145
40° F. dewpoint .96539
60° F. dewpoint .96827
80° F. dewpoint .94925
Wi ' respiratory water loss, gm./min.
95° F. drybulb, 80° F. dewpoint .893456
95° F. drybulb, 60° F. dewpoint .92068
95° F. drybuld, 40° F. dewpoint .97468
76° F. drybulb, 60° F. dewpoint .956306
76° F. drybulb, 40° F. dewpoint 98266
§56° F. drybulb, 40° F. dewpoint 97094
With respiratory water loss, gm./liter None = .6
Correlations, as computed, with significant independent variables, and with respiratory water loss, grams per
minute and grams per liter, when r > 8.
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y Total expired water rate, grams per minute, as a function of treadmill speed,
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TABLE VII

Eapired dewpoint temperature, °F.

With independent variables r

Dewpoint temp., °F., at

Drybulb temp., °F., at

Pressure, p.s.i.
With respiratory water loss, gm./min.

With respiratory water loss, gm./liter

95° F.
95° F.
95° F.
75° F.
75° F.
55° F.

a.,at

drybulb,
drybulb,
drybulb,
drybulb,
drybulb,
drybulb,

95° F. drybulb .79000
76° F. drybulb 94368
40° F. dewpoint 79993
80° F. dewpoint .89623
None = b
80° F. dewpoint .86530
60° F. dewpoint 76990
40° F. dewpoint 88263
60° F. dewpoint 89179
40° F. dewpoint .86163
40° F. dewpoint .81795

Correlations, as

MCANS, Gm /MIN

EXPIRED WATER RATE,

computed, with significant independent variables, and with respiratory water loss, grams per
minute and grams per liter, when r > 5,

H
TREADMILL SPEED, M.P.N.

FIGURE 33

Total expired water rate, grams per minute, as a function of treadmill speed, miles
per hour, at 55° F. drybulb.
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TABLE VIII
Ezxpired drybulb temperature, °F.
With independent variables r
Dewpoint temp., °F,, at 95° F. drybulb 75339
75° F. drybulb .89726
Drybulb temp., °F., at 40° F. dewpoint 94684
60° F. dewpoint 98772
With respiratory water loss, gm./min. | None = b
With respiratory water loss, gm./liter
956° F. drybulb, 60° F. dewpoint 61681
Correlations, as computed, with significant independent variables, and with respiratory water loss, grams per
minute and grams per liter, when r > 5.
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Total expired water rate, grams per liter, as a function of treadmill speed, miles
; per hour, at 95° F. drybuld.
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Total expired water rate, grams per liter, as a function of treadmill speed, miles
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Effects of the daily test sequence

Typical observations during the daily sequence of conditions are shown in
figures 59 through 63. The selection of the “typical day” was made randomly.
Inspection of the graphs would seem to indicate that the sequence had no effect
on rectal temperature, expired dewpoint temperature, or drybulb temperature.
Whether or not the sequence of test conditions causes the results seen for
minute volume and heart rate is unknown. The temperature graphs suggest
that the subjects did recover from the effects of work during the rest periods.

FTY
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MINUTE VOLURE, mEANS, LITERS/MIN.

‘a . | il

‘ TREADMILL SPEED ™ P W

FIGURE 37

‘ Minute volume, liters per minute, a8 a function of treadmill speed, miles per hour,
at 95° F. drybulb.
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Minute volume, liters per minute, as a function of treadmill speed, miles .per hour, at
75° F. drybuld.
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The phenomenon of decreasing expired drybulb temperatures concurrent
with increasing expired dewpoint as work rate is increased is apparent.

In addition, as pointed out previously, minute volume is reduced with reduc-
tion in pressure.

V. DISCUSSION OF RESULTS

The most significant finding in this experiment is that respiratory water
loss, measured orally in grams per minute, is a direct monotonic function of
minute volume for a given set of inhaled dewpoint and drybulb temperature
conditions. This relationship is demonstrated by the table of correlations be-
tween water loss, in grams per minute, and . - qute volume, in liters per minute,
in table IX. The relationship is shown again in figure 64, which presents
respiratory water loss as a function of minute volume for all work rates and
pressures. This figure also depicts the pronounced effect of inhaled dewpoint
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FIGURE 40

Ezxpired dewpoint temperature, °F., as a function of treadmill speed, miles per hour,
at 95° F. drybulb.
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Ezxpired dewpoint temperature, °F., as a function of treadmill speed, miles per hour,
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temperature on respiratory water loss and the variations in respiratory water
loss with inhaled drybulb temperature. Figure 64 illustrates this general rela-
tionship when minute volume is converted to STP conditions. With minute
volume at STP, respiratory water loss can be estimated with knowledge of
inhaled dewpoint, pressure, and minute volume.

The observation that respiratory water loss decreases at reduced pressure
for subjects breathing oxygen by mouth also is significant. In view of the
relationship between respiratory water loss and minute volume discussed above,
it is concluded this effect of reduced pressure is brought about by the reduction
of minute volume. This is substantiated by the observation that respiratory
water loss, calculated in grams per liter, does not vary significantly with pres-
sure, while minute volume decreases with decreased pressure.

Reduction in minute volume at reduced pressure was predicted by Jaeger
and Otis (27) on the basis of examplis given by Fenn (28). Their prediction
was based on the fact that at reduced pressure less work is required for breath-
ing and there is less turbulence in the airways.

The work of Marshell and Specht (21) is probably most applicable to this
report because they made observations at reduced barometric pressure. These
investigators measured respiratory water loss from the nose at a simulated al-
titude of 30,000 ft. and at approximate sea level conditions. Their subjects
breathed supposedly pure (unmeasured) oxygen for experimental modes lasting
no more than 5 minutes. Although their data may lack quantitative precision
because of a primitive technic for measuring dewpoints and an assumption that
exhaled gas is 80% saturated at 32.2° C., their results nevertheless are valu-
able for comparative discussion.
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=
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FIGURE 45

Ezxpired drybuld temperature, °F., as a function of treadmill speed, miles per hour,
at 55° F. drybuld.
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TABLE IX B

Correlation between water loss in grams per minute and minute volume
in liters per minute

Dewpoint temperature, °F.*
Drybulb temperature, °F, 40° 60° 80°
95° 0.991 0.921 0.883
76° 0.983 0.953
56° 0.972

*For all work rates and pressures.
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FIGURE 64
Mean skin temperature, °F., as a function of treadmill speed, miles per hour, at
55° F. drybulb. b
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The mean water loss difference between sea level and 30,000 ft. reported
by these investigators was 0.06 gm./min. This figure represented a decrease
in water loss with altitude and was of the same order of magnitude as the
values determined in the present experiment; however, there is a considerable
discrepancy in absolute quantity. The approximate range of means obtained in
the present study was 0.07 to 0.21 gm./min. for the resting condition, varying
with the factors of inspired dewpoint and drybulb. Also, these lower values
were observed at elevated inspired dewpoint temperatures, while the results of
Marshall and Specht were obtained for supposedly dry inspired gas. Dry
oxygen was not used in the present experiments, but extrapolation indicates
that under such conditions the respired water loss would have been perhaps as
high as 0.30 gm./min.
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FIGURE 55

Rectal temperature, °F., as a function of absolute pressure, p.s.i., at 95° F. drybulb.
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Rectal temperature, °F., as a function of absolute pressure, p.s.s., at 55°F.
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FIGURE 63
Typical daily observation, rectal temperature, °F,
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Marshall and Specht noted an increased water vapor pressure at altitude,
which could lead to the assumption that respiratory loss would have increased
had the minute volume not decreased considerably. Results of this program,
however, indicate no significant increase or decrease of the water loss (grams
per liter) with increasing altitude. Exhaled dewpoint, however, did vary signif-
icantly with inhaled dewpoint temperature.

Marshall and Specht also observed a significant decrease in exhaled dew-
point temperature with altitude; data obtained in this program showed a signif-
icant increase in exhaled dewpoint only with the high-humidity inhaled gas at
80° F. dewpoint. In the work reported here, another variable which correlated
with expired dewpoint was drybulb temperature, a factor not varied by Marshall
and Specht.

Although McCutchan and Taylor (19) presented data points for conditions
beyond the range of our experiments, they also observed that the expired dew-
point temperature varies directly with inhaled drybulb temperature. The work
reported here further corroborates the results of these two groups of authors.
In addition, our data show that exhaled drybulb temperature did not vary sig-
nificantly with pressure.

One of the major conclusions of Marshall and Specht is that the rate of
respiratory water loss is directly related to pulmonary ventilation. Our results
agree with this, as is indicated by the high correlation between minute volume
and respiratory water loss in grams per minute. In both cases, it is apparent
that the reduced pulmonary ventilation at decreased pressures is a basic factor
in the decreased water loss.

Burch (18), Seeley (16), Christie and Loomis (17) and McCutchan and Tay-
lor (19) all report that the exhaled gas is unsaturated. @ Both Seeley and
McCutchan and Taylor report ranges of 80 to 90% saturation.

Our data corroborate these findings but extend the range to 70 to 90%
depending on the inhaled conditions; the lowest exhaled humidities (70% ) were
observed at the 95° F. drybulb, 40° F. dewpo:nt condition.

Independent corroboration of our general observations is found in the
changes observed in rectal temperature. These ~hanges correspond to all test
parameters, including parameters that affected only respiratory heat transfer.
For example, rectal temperature increased with increases in both inhaled dry-
bulb and dewpoint temperatures.

VI. CONCLUSIONS

The results of this experiment indicate that when subjects are breathing
pure oxygen by mouth:

1. Respiratory water loss, measured as mass transferred per unit time,
decreases with reduced pressure.
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2. Respiratory water loss is a positive monotonic function of work rate
and the temperature of the inhaled gas, and a negative monotonic function of
the dewpoint of the inhaled gas.

8. Minute volume (ATP) for a given exercise rate decreases with reduc-
tion in pressure, and this decrease, for a given combination of inhaled dewpoint
and drybulb temperature, accounts for the accompanying reduction in respiratory
water loss,

4. AH;0 respired = K (minute volume ATP)

K = a constant determined by the drybulb and dewpoint
temperature of the inspired gas and

AH,O respired = C (minute volume STP)
C a constant determined by the dewpoint and pressure
of the inhaled gas.

5. Exhaled dewpoint temperature is primarily and directly depe:; dent on
inhaled dewpoint; elevation of the inhaled drybulb temperature, however, also
elevates the dewpoint temperature of exhaled gas.

6. Exhaled drybulb temperature varies directly with both inhaled drybulb
and dewpoint temperatures of inhaled gas and inversely with work rate.

7. The expired gas never became saturated nor did it reach body tempera-
ture.
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