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_altitude, 25 young male soldiers participated in a strenuous, 72 h field exercise

given a physical ekamihaﬂon, a chest radiograph was taken, and the following

. pulmonary pressure and lung volume (PV curve). Fi\\t 0 and 72 h of each phase,.

" arterial Poz, PCOZ and pH were measured and physiological dead spai:e (VD"‘I’”

no effect of altitude upon A-a DOZ’ VDIV.r or the slope of phase Ill. These obser-

~ Abstract

:-40 determine if subclinical pulmonary edema occurs commonly at high

at low altitude (200 to 875 m) and in a similar exercise one week later at hlgh

altitude (3000 to 4300 m). At 0, 36, and 72 h of each phase the subjects were

measurements were made: - total lung capacity, forced vital capacity, residual
volume, closing capacity, slope of phase Il of the nitrogen washout curve, trans-

thoracic electrical impedance, and the qua.ii-static relationship between trans-

and the alveolar-arterial O, gradient (A-a Doz) calculated. No evidence of pv.i-
monary edema was obtained from physical examination or chest radiographs.
Relative to the low altitude values, immediate and sustained decreases in vital
capacity and impedance, and a clockwise rotation of the PV curve occurred at
high altitude. In contrast, closing capacity and residual volume did not change

upon arrival at high altitude, but increased later during the exposure. There was

vations are consistent with an abrupt increase in thoracic intravascular fluid

volume upon arrival at high altitude followed by a gradual increase in extravascu-

lar fluid volume-in the peribronchial spaces of dependent lung regions. These

changes if ﬁresent were apparently not sufficient to impair gas exchange or after

—A -

alveolar-arterial O, gradient, closing capacity, high altitude pulmonary edema,

the distribution of ventilation.

lung volumes, transthoracic electrical impedance, transpulmonary pressure.
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Introduction
. High aititude pulmonary edema can be a life-threatening complication of

acute altitude exposure. Although the incidence of this disease is low (15), it

has been suggested that interstitial edema which does not progress to clinically
Sppareht intraalveolar edgma, develops in most.indivici!uals who ascend rapidly

to high altitude (li,l9,26). The objective of this study was to determine if sub-
clinical pulrpom_fy edema was a common occurrence among non-acclimated men
abrtxptly exposed to an altitude of 3000 to '4300 m. Since high altitude pulmonary
edema has often been associated with'physical exertion during or following rqﬂ
ascent (8,13), strenuous exercxse was mcluded in the experimental desngn. Due

' to the anticipated difficulties in detecting mild pulmonary edema, we employed
a relatively large number of test subjects énd a paired comparison, repeated

measures statistical design.

" Methods
Subjects. Twenty-five healthy, male soldiers from the 10th Special Forces

Group stationed at Ft. Devens, MA participated in this study. ln:Eorrﬁed, voluntary
consent was obtamed from all subjects. The mean age of the subjects was 26
years thh a range of 18 to 38 years. anteen sublects were smokers with an
average c:onsumption of 8.0 padt-years (packs per day multiplied by number of
years subjeg:t smoked). No subject had a history of cardiopulmonary disease.
Three days before the start of the experiment the subjects were given a physical
examination, i:riefed on all aspects of the stﬁdy and trained to perform the various

ventilatory maneuvers required.




~ This phase consisted of two 15 km hikes from the 3000 to the 4300 m elevations

2

Study o:zf.l.ine. The experiment consisted of a low altitude phase and a

- Mgh.altitude bhase each of which was 72 h'in dufation. During the low altitude
‘ .phase the subjects walked a total disunce of 84 km with heavy packs.(approxi-

mately 20-50 kg in the White Mountains of New Hampshire at elevations from

200 to 375 m above sea level The sub]ects were ln the field for the entire 72 h

pgriqd, ptepared thar own rations, and per!ormegl various simulated military tulc

at prescribed times and locations. Between stops the average rate of movement - .
was 3km h™L. _One week lat& ﬁ1§ same_subjects were flown to Colorado Springs, -
co, and within 3 h, began anoﬂ{erlsim.lhted military exercise at high altitude.

 of Pikes Peak, CO. The average rate of movement between stops at high altitude
was 1.8 ki h~1. The actual routes followed by the soldiers in both the low altitude

and the high altitude phases were chosen by thieir commanders to be as similar

as possible in degree of Aiffigi:lty, considering both the linear distance covered .‘
and the amount of climbing performed. Physiological measurements were made
at 0, 36, and 72 h during each phase. The measurements were made at an elevé-

tion of 200 m during the low altitude phase, and at an elevation of 4300 m during

 the high altitude phase. The individual measurements and tests are described

below. : ] :
Physical Examination and Chest Radiographs. Subjects were asked about .

symptoms and were given a physld examinatioﬁ using a stand#dized format. :

Postérior-#nterlor and lateral chest radiographs were taken at full inspiration

with the subject standing. The same portable X-ray unit (General Electric Mobile

EP 300) was used throughout the study. A baseline radiograph was obtained 3

days before the start of the low altitude phase of the study. At the completion

[
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of the experiment the six radxographs obtained at the low and high altitude testing

sessions were oompared to the baseline film by a radiologist who was aware oi

‘the dronological sequence of the films but unaware of the altitude at which they

were taken. Each radoyaph was mmined for specific findings of pulmonary
edam (peribronchial cuffing, Kerley lines, alvealar mfdtrates, pleural effusion,

: thickening of intralobar ﬁsara). and pulmonary vascuhr congestion. The findings

were graded as ddlnite, probable or possible. In addition, cardiac and thoracic
widths on the posterior-anterior film were measured and their ratio calculated.

Lung Volumes and Quasi-Static Transpulmonary Pressure-Volume Curve.

*  During each testing session, the subjects swallowed a balloon-tipped catheter

which was then poSitioned in the lower esophagus approximately 15 cm above
the diaphragm. The esophageal balloon was 10 cm long and was filled with 0.5cc

of air. Balloons were checked routinely for leaks and correct volume. With the

balloon in place, the subjects performed single-breath nitrogen washout maneuvers

as outlined by Buist and Ross (2). Inspired and expired flow were controlled by

the subjects at 0.3 to 0.4 L sec"l by reference to an analog flowmeter display.

During these maneuvers simultaneous recordings of nitrogen concentration versus

- volume, and volume versus transpulmonary pressure were made using two X-Y -

recorders. Inspired and expired volumes were measured by a dry, rolling seal

. spirometer (Cardq-Pulrhonéry Instruments). Transpulmonary pressure (esophageal :

pressure minus mouth ﬁrasure) was measured by a differential transducer (Statham
PM-6). Nitrogén concentration was measured with .a nitrogen analyzer (Cardio-
Pulmonary Instruments). Although linear at low altitude, this analyzer was found
to be significantly alinear at high altitude, presumably because of fhe lower density

of air. Therefore, nitrogen measurements obtained at high altitude were corrected
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; ~_ byatactor determined from a 4-point calibration procedure using anély;ed EAses
‘ : _ with ﬁitrogen concentrations between 0 ar_lci 30%. At each testing session, the
; subjects performed a minimum of 3 and a maximum of 5 single-breath nitroges
washout maneuvers. These maneuvers were judged acceptable when inspiredand
- 5 Sny .expir‘ed. ﬂo\v.m maintained between 0.3t0 0.4 L sec"l, inspired vital capacisy
| . - did not differ from expired vital capacity by more than 5%, and the trampul-uy
] e pressure-volume record was free from esophageal contraction artifact. From
the records of expired nitrogen concentration versus expired volume the following
lung volumes were calculated as described by Bmst and Ross (2): total lung capacity, SR
3. re;idua.l' voluné, and closing capacity. In addition, the slope of phase III of the ;
nitrogen washout curve was calculated. From the records of expired volume
versus transpulmonary pressure and the calculated values for total lung capaciy,
quai—sﬁtic pressure-volume relationships were obtained by determining lung
volume at transpulmonary pressure intervals of 2.5 cm of water between D ani!
30 cm of water. The values for the parameters obtained from acceptable recards
_ from each subject at each testing session were averaged for use in the statistizal
. ahalysis. J . | :
Without the esophageal balloon m place, the subjects also performed 3 .
5 forced vital capacity maneuvers ﬁsing a 9 liter, water-filled spirometer (W.E. .
Collins). The s;bjects'f best effort, defined as the spirogram with the largest sital
capacity, was used in the data analysis. "
rramtbora;'ic Electrical Impedance. Transthoracic electrical impedance
was measured at each testing session using four aluminized mylar tape electmdgs

and a Minnesota Impedance Cardiograph (Model 304A). A constant sinusoidal

current (4mA rms) at 100 k hz was applied to two outer electrodes, one on the 1
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: by either a 2-way or a 3;way analysis of variance as appropriate using a repeated .

neck and thé other around the abdomen. Changes in potential which reflect dhanges

in impedance were measured from two inner electrodes, one around the neck and
one around the IM .tﬁorax (5). Measurements were made at totai lung capadity
with the mbiect standing tollowinj a 5 min rest period. Reproduc;ible electrode
ph;&nent wulnsured by marking the subjects with indelible ink during a pre-

liminary testing session.

) Venéiktory Parameters. At 0 and 72 h of the low and high altitude phases,
an arterial blood sample was drawn fromthe brachial or radial artery using a

heparinized gla.ss syringe and a 20 gauge needle with the subject supine. Local

_anesthesia (1% lidocaine) was used at the puncture site. Samples were analyzed

and P using a calibrated blood gas analyzer (Radiometer Model
co, o,

BMS3-MK2). Immediately before or after this procedure, expired air was collected

for 3 min via a two-way "J" valve into a meteorological balloon. The volume

of expired gas was measured with a spirometer (W. E. Collins) and its 02 and QO, -

concentrations with gas analyzers (Beckman OM-11 and LB-2). From these measure-
ments resting ventilation, physiological dead space, respiratory exchange ratio, 7
aiveolar Po2 and the alveqlar-arterial gradi-ent for oxygen were éalculated. Res-
piratory frequency was measured during the collection of expired gas.

Statistical Methods. Statistical analysis of the data was accomplished

measures design. Variance ratios are reported for the main treatment effects
of altitude and time and for the interaction of altitude and time. Effects were
considered significant when variance ratios exceeded the significance limit "F*
value for P <0.05. When the interaction variance ratio was not statistically sig-

nificant, main treatment effects were interpreted in a straightforward manner.
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When the interaction variance ratio was significant, the variable analyzed was

judgéd to be a different function of time gi low a}titude than at high altitude
and main treatment effects were disrégarM | i
As is noted in the data to follow, n is not equal to 25 for all parameters.
Ina fe\n;r instances there were unavoidable test subject absences for one or mare -
tests. A few subjects were not able to swallow the uophageé.l balloon on all six A
testing sessions. Although .attenptéd, arterial blood was not obtained from all
subjects when scheduled. There were occéional equipment malfunctions. Oaly
those subjects from whom a complete set of dafa had been obtained for a par-
. ticular parameter were included in the analysis.
Results
Physical Examination and Chest Radiographs. Symptoms reportedby
the test subjects at low altitude generally reflected the strenuous nature of the
simulated military operation with the largest number of subjects reporting symp-~
toms at the 36 h testing session (Table 1). These same symptoms were also re-
ported during the high altitude phase but by many m§re subjects and at all three
festing sessions. Once again there was a lar.ge increase in the nur.n.ber of subjects
reporting symptoms at the 36 h testing session. Of particular note is the increased”
frequency of headache, nausea, vor'niting, dizziness, and anorexia at high altitede
suggesting the development of acute mountain sickness in a large number of ssb-
jects (6). In-addition, symptoms compatible with, but not specitic for, high dlimde‘
Pulmonary edema (dyspnea at rest and exercise, cough, wheezing, orthopnea) were
also more frequently reported at high altitude.

On physical examination (Table 2), pulmonary edema was not present in

any subject as judged by the absence of rales and wheezing. However, an accentuated




pulmonic component of the second heart sound and a gallop heart rhythm wére
heard in a number of subjects at high altitude suggesting the occurrence of pulmon~
'ary hyperteﬁsion. : | : : £

A co.mplete set of chest radiographs was obtained on 12 subjects. No definite
abnormalities were observed at any time. There were 2 probable findings of peri-_
bronchial cutfing but both were cbserved during the low ax;;tudg phase of the
study. In addition, 1 probable (low altitude) and 7 possible (2 at low and 5 at high
altitude) findings compatible with pulmonary vascular congestion were abserved,

There was no significant' change in the ratio of cardiac width to thoracic width.

. The mean and standard error for this parameter was 0.4 1+0.01.

Ventilatory ‘ Parameters. The effects of altitude exposure on the ventila-
tory parameters are shown in Table 3. Resting minute ventilation ({'E) at 0 h was
the same at both low and high altitude but subsequently increased with time at
high altitude while the low altitude values did not change. The increase in ‘.’E
at high altitude was due primarily to an increase in tidal volume, since there were
no significant changes in respiratory frequepcy. Both Pa and Pac_o were sig-
nificantly lower at high altitude than at low altitude. At bzoth altitude% Py
tended to increase and paCO to decrease with time. Arterial pHatOh a? ﬁgh
altitude was greater than thezlow altitude value and increased further with time.
At low altitude, pH did not change. There were no significant differences noted
for the ratio of physiological dead space to tidal volume. The alveolar-arterial

gradient for oxygen decreased with time at both low and high altitude but did

- not change as a function of altitude.

Lung Volumes and Quasi-Static Transpulmonary Pressure-Volume Curves.

The effects of high altitude exposure on lung volumes are shown in Table 4. Forced

s i s N b g



vital capacity was less at high altitude than at low altitude at all times. Although
total lung capécity was not affected by al-titude, it increased significantly with
time during both the low and high altitude phases of the study. There was a sig-
n_mc;nt‘ and progressive increase in residual volume measured at 4300 m relative
to that cbserved at 200 m.’ Closing capacity increased with time at both altitudes
- and the increase was great« at high altitude than at low altitude. The slope of :
phase IlI of the nitrogen washout curve increased slight!y with time but did not
change as a function of altitude (Table ).

Acceptable expiratory pressure-volume c;trves at all 6 testing sessions were

obtained from 11 subjects. From these records, lung volume was analyzed as :

| a function of transpulmonary pressure, altitude, and time using a 3-factor, re-
peated measures analysis of variance. This analysis revealed that lung volume
was a significantly different function of transpulmonary pressure at high altitude
than at low altitude (variance ratio=3.24, p £0.001) while volume as a function
' of pressure was not significantly changed by time. These data are represented
graphically in Figure 1, in which the pressure-volume relationships at low and
high aititud_e, averaged across time, are sho;avn. It is seen that the pressure-volume
- curve obtained at high altitude is rotated clockwise with respect to the low altitude
Curve. |

Transthoracic Electrical Impedance. Since transthoracic impedance ..
was measured at total lung caﬁacity and since changes in this lung volume occurred
with time at both low and high altitude, the values of impedance were normalized
by expressing them as ohms per liter of total lung capacity. Impedance per unit
lung volume was lower at high altitude than at low altitude and tended to decrease

with time at both altitudes (Table 4).

»
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Discussion

~ Transthoracic electrical impedance _“}as reduced at high altitude (Table#).

Similar changes have been shown to accompany experimentally-produced incresses

in thoracic fluid volumes in both humans and animals (24,25). In addition, M
impédance has pieyiomly been reported in humans at high altitude (27) and, more
recently, impedance has been correlated with the progression and regressionef
high altitude pulmonary edema (12). ‘ '

The immediate and sustained decreagle in forced vital capacity which we

observed at high altitude has also been previously reported (31). It has long been

repognized that vital capacity is reduced by pulmonary edema and congesti'on

cawsed by left heart failure (1). Vital capacity is also. reduced during acute pai-
monary congestion caused by intravenous administration of fluids (%) and negative
pressure breathing (22). The mechanism of this reduction probably involves rut
only the greater occupation of space in the thorax by an increased volume of
fluid, but also a change in the mechanical properties of the lungs (1).

The clockwise rotation of the transpulmonary pressure-volume curve which

occurred at high altitude (Figure 1) suggests a stiffer, less compliant lung. ‘Similar

. changes have been observed in humans when thoracic blood volume was incremed

by lowering intrathoracic pressure .(9) and in animals during experimentally-praduced
congestion and edema (3,7). :
Thus, the changes in impedance, vital capacity and the pressure-volume
curve. observed at high altitude are consistent with an increase in thoradic fluid
volume which occurred immediately upon arrival and persisted for the remainder

of the sojourn. On the basis of these measurements alone, it is not possible to

speculate whether the increase in fluid volume was purely extravascular or whether




F S : 5 10

it was both extravascular and intravascular. Certainly, an increase in central

blood volume due to pulmonary hypertension induced by hypoxia would not be

unexpected (16,19,28,32). The findings of an accentuated pulmonic component

of the second heart sound and a gallop heart rhythm in several subjects at high

altitud'e are consistent with this expectation (Table 2). But is an increase in extfa-
 vascular fluid volume a reasonable possibility?

In our subjects, closing capacity and residual volume increased at high alti-
tudé (Table 4), suggesting the development of premature closure of small airways
in dependent lung regions. A we-ll-docu'nented cause of premature small airway
closure is the accumulation of pulmonary edema fluid in the peribronchial spaces

: of. the lung (11,14,21,23). Staub et al. (29) have demonstrated that these spaces
are the first sites of fluid accumulation in the development of pulmonary edema.
Thus, the changes in closing capacity and residual volume are consistent with
an increase in lung extravascular fluid volume.

In contrast to impedance, vital capacity and the pressure-volume curve,

E . residual vc;lume and closing capacity were not changed immediately upon arrival
at high altitude (Table 4). Significant increases in these volumes did not occur

: until later. .On this basis, we propose the following sequence of events as one
possible explanation of our findings. Upon arrival at high altitude, there was an
‘abrupt increase in central blood volume due to pulmonary hypertension induced
by hypoxia. The increased blood volume caused immediate decreases in trans-
thoragic electrical impedance and forced vital capacity and the clockwise rotation
of the transpulmonary pressure-volume curve. Subsequently, because of sustained
elevations in intravascular pressures, there was a slow accumulation of fluid in

the peribronchial and perivascular spaces of dependent lung regions, which resulted




. in the gradual development of premature airway closure and thus increases is
closing capacity and residual volume.

Dyspnea, cough, wheezing and orﬂmpﬁea were reported by the subjectsmere
frequently at high altitude than at low alﬂmdg; These symptoms are compadibie
with, but of course not specific for, pumonary edema. On physical examinaiss,

'no signs of pdmoM edema were present and no definite radiographic cvul—:

of fluid accumulation in the lungs was found. Moreover, the radiographic tindiags
of edema and congestion classified as "probable” or "possible" \veré few and ssmed
to be randomly distributed between the low and high altitude films. Thus, if
pulmonary edema occurred at high altitude, it was too mild to be detectable iy
physical examination or chest radiography.

The lack of significant change in the alveolar-arterial oxygen gradient axd
in the dead space to tidal volume ratio indicates that pulmonary edema, if p'dnt,
was not sufficient to cause significant deterioration in gas exchange. Previoums
measurements of the A-a O, gradient at high altitude have been inconsistent
(18,19,26). Kronenburg et al. (19) found an increase in V/Vy after acute expmure
to high altitude. We cannot explain the difference between our results and theirs.

The slope of phase III of the single-breath N, washout curve was not alered
by high altitude exposure (Table 4), suggating no significant change in the Gari-
bution of ventilation. Gray et al. (10) and Sutton et al. (30), in contrast, repssted y

significant increases in this variable. This discrepancy may possibly be explaised
by the alinearity of the N, analyzer which we observed at high altitude. Had
we not corrected for this alinearity, we.also would have obfained a significaut
increase in the slope of phase III at high altitude.

It is of parenthetical interest that total lung capacity, although uninfleaced
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by altitude, underwent a significant increase with respect to time (Table 4). We
have no explanation for this phenomenon other than to suggest that the increased
ventilation demanded by the prolonged exertion of the hikes may have altered

~ the mecharical or reflex properties of the chest wall. Leith and Bradley (20)

observed similar increases in TLC in humans performing maneuvers intended to
increase ventilatory muscle strétgth-_ '

Finally, it should be emphasized that none of our measurements constitute
direct evidence for an increase in lung thid volume. At present, it is not possible
to obtain such evidence from human subjects. ~‘l'hus, the postulation that lmg'

fluid volume increases at high altitude, although plausible, remains unproved.

W




13

Acknowledgement
' The authors are indebted to the soldiers trom the 10th Special Forces Group
for their enthusiastic participation in this arduous study. BT :
We also thark Dr. F. Stitik, Department of Radiology, Johns Hopkins U;ivor-'
‘sity Hospital, for the detalled analysis of the radiographs.




e R R N R T TS T Y T

T

14

The views, opinions, and/or findings contained in this report are those of
the author(s) and should not be construed as an official Department of the Army

poéition, policy, or decision, unless so designated by other official documentation.

Human subjects participated in these studies after giving their free and
informed voluntary consent. Investigators adhered to AR 70-25 and USAMRDC

Regulation 70-25 on Use of Volunteers in Research.

Current addresses of the authors are as follows: J. J. Jaeger, Division of
Medicine, Walter Reed Army Institute of Research, Washington, DC 20012; J.
T. Sylvester, Department of Medicine, Johns Hopkins University Hospital, Balti-
more, MD 21205; J. J. Berberich, University of Miami School of Medicine, Miami,
FL 33152; J. C. Denniston, Aeromedical Activity, Army Aeromedical Center,

Ft. Rucker, AL 36362.




1.

30'

..,

.5.

6.

7.

9.

. Washington, DC: Am. Physiol. Soc.,- 1963, sect. 3, vol. 2, chapt. 53, p. B¥5-
-1379. e ; '
_Buist, A. S., and B. B. Ross. Predicted values for closing volumes using

Tuberc. 44:26-41, 1941.

Evans, W. O., S. M. Robinson, D. H. Horstman, R. E. Jackson, and R. B.

 staging and acetazolamide. Aviat. Space Environ. Med. 47:512-516, 197

15

References

Briscoe, W. A. Lung volumes. In: Handbook of Physiology. Respiration.

a moditied single-breath nitrogen test. Am. Rev. Respirat. Dis. 107:70%
752,1973. - _ U

Cook, C. D., 3. Mead, G. L. Schreiner, N. R. Frank, and J. M. Craig. Pd-
monary mecharics du’ihg induced p_ulmonary edema m anesthetized dogn.
3. Appl. Physiol. 14:177-186, 1959, |

Cournand, A., and D. Richards. Pul;nonary insufficiency. 1. Discussion

of a physioloéical classification and presentation of clinical test. Ann. Bev.

Denniston, J. C., J. T. Maher, J. T. Reeves, J. C. Cruz, A. Cymerman, axd
R. F. Grover. Measurement of cardiac output by electrical impedance at

rest and during exercise. J. Appl. Physiol. 40:91-95, 1976.
Weiskopf. Amelioration of the symptoms of acute mountain sickness by'

Frank, N. R. Influence of acute pulmonary vascular congestion on recolliag
force of excised cats’ img. J. Appl. Physiol. 14:905-908, 1959. :
Fred, H. L., A. M. Schmidt, T. Bates, and H. H. Hecht. Acute pulmonayy -
edema of altitude: clinical and physiologic observations. Circ. 25929987,
1962.

Goldberg, H. S., W. Mitzner, K. Adams, H. Menkes, S. Lichtenstein, and

S. Permutt. Effect of intrathoracic pressure on pressure-volume characteris-

tics of the lung in man. J. Appl. Physiol. 38:411-417, 1975.




<SR

16

10.  Gray, G. W., D. M. McFadden, C. S. Houston, and A. C. Bryan. Changes
" in the single-breath nitrogen washout curve on exposure to 17,600 feet.

3. Appl. Physiol. 39:652-656, 1975.

11.  Harken, A. H., and N. E. O'Connor. The influence of clinically undetectable

. | pﬂmomry edema on small airway closure in the dog. Ann. Surg. 184:183-
188, 1976, :

12.  Hoon,R. S., V. Balasubramanian, S. C. Tiwari, O. P. Mathew, A. Behl, S.
C. Sharma, and K. S. Chadha. Changes in transthoradic electrical impedance
at high altitude. Br. Heart J. 39:61-66, l§77.

13. Hbuston, C.S. Acute pulmonary edema of high altitude. N. Eng. J. Me. : ; :
263:478-430, 1960. ; 1

14.  Hughes, J. M. B., and D. Y. Rosenzweig. Factors affecting trapped gas |
volume in perfused dog lungs. J. Appl. Physiol. 29:332-339, 1970.

15.  Hultgren, H. N. High altitude pulmonary edema. Adv. Cardiol. 5:24-31,

' 1970.

16.  Hultgren, H. N., and R. F. Grover. Circulatory adaptation to high altitude.
© Ann.Rev. Med. 19:119-152, 1968.

? 17.  Kleiner, J. P., and W. P. Nelson. High altitude pulmonary edema. J.Am.
Med. Assn. 234:491-495, 1973.
18, Kreuzer, F., S. M. Tenney, D. C. Andresen, B. F. Schreiner, R. E. Nye, X,
J. C. Mithoefer, H. Valtin, and A. Naitoue. Alveoclar-arterial oxygen gradient
in the dog at altitude. J. Appl. Physiol. 15:796-800, 1960.
19.  Kronenberg, R. S., P. Safar, J. Lee, F. Wright, W. Noble, E. Wahrenbrock,
R. Hickey, E. Nemoto, and J. W. Severinghaus. Pulmonary artery pressure
; and alveolar gas exchange in man during acclimatization to 12,470 feet.

J. Clin, Invest. 50:827-837, 1971.

[ -




20.

21.

22.

23.

24.

25.

26.

28.

17

Leith, D. E., and M. Bradley. \_lentilatory muscle strength and endurance

_ “training. J. Appl. Physiol. 41:508-516, 1976.

Lemen, R;, J. G. Joné, P. D. Graf, and G. Cowan. "Closing volume” changes

I alloxan-induced pulmonary edema in anesthetized dogs. J. Appl. Physiol.
. 3%235-281, 1975, _ 5
Mills, 3. N. The influence upon the vital é#pacity of procedwres calculated-
. toalter the volume of bloodin the lungs. J. Physiol. (London) 110:207-216,

1949, : | 2 .

Muir, A. L., D. C. Flenley, B. J. Kirby, M. F. Sudlow, A. R. Guyatt, and

H. M. Brash. c_ardorspiratory effects of rapid saline infusion in normal -
man. J. Appl. Physiol. 38:786-793, 1975.

Pomerantz, M., R. Baungartner, J. Lauridsan, and B. Eiseman. Transthoe-
acic electrical impedance for the early detection of pulmonary edema.
Surgery 66:260-268, 1969.

Pomerantz, M., F. Delgado, and B. Eiseman. Clinical evaluation of trans-
thoradic electrical impedance as a guide to intrathoracic fluid volumes.
Ann. Surg. 171:686-691, 1970.

Reeves, J. T., J. Halpin, J. E. Cohn, and F. Daoud. Increased alveolar-arterial

oxygen difference during simulated high-altitude exposure. J. Appl. Physiol.

27:658-661, 1969. : e

Roy, S. B., V. Balasubramanian, M. R. Khan, V. S. Kaushik, S. C. Manchanda,
and S. K. Guha. Transthoracdic electrical impedance in cases of high-altitude

i hpria. Bl’. Medo Jo 3:771'775, 197#0

Saltz, S. B., G. A. Beller, S. R. Giamber, and J. S. Alpert. Circulatory res-
ponse to acute hypobaric hypoxia in conscious dogs. Aviat. Space Environ.

Med. 47:129-132, 1976.

i e e DS

e Al ! N Sl e e et e s SR D Lt o Sk B ot




29.

30.

32.

Staub, N. C., H. Nagano, and M. L. Pearce. Pulmonary edema in dogs, es-

- pecially the sequence of fluid accumulation in lungs. J. Appl. Physiol. 22:227-

240, 1967. |
Sutton, J. R., G. W. Gray, M. D. McFadden, A. C. Bryan, E. S. Horton, aﬁd
C. S. Houston. Nitrogen washout studies in acute mountain sickness. Aviat.

Space Environ. Med. 48:108-110, 1977.
3.

Tenney, S. M., H. Rahn, R. C. Stroud, and J. C. Mithoefer. Adaptation to
high altitudes changes in lung volumes during the first seven days at Mt.

Evans, Colorado. J. Appl. Physiol. 5:607-613, 1953.

Vogel, J. H. K., J. E. Goss, M. Mori, and H. L. Brammell. Pulmonary circu-
lation in normal man with acute exposure to high altitude (14,260 feet).

Circ. 34(suppl. I1):233, 1966.




! )
2 19
- 1
2 .
Table 1. Numbers of subjects reporting symptoms at low and high altitude (n=25) - 1
Symptom Low Altitude High Altitude -
- DI R | SRR R )
| el Fatigue 3 4 18 19 10
i R -Weakness iy 1 12 - oL
) Bl Chills 2 1 12
7 3 Sweats : 1 1
| =2 Fever : ' 1
¥ Headache R O 5 5 21 5
Dizziness : 1 13 8 1
~ Visual disturbance ' : : 2 :
Rhinorrhea ; 2 3 12 3 ‘
Epistaxis 1 1
Sore throat , 3
; Dyspnea at rest 3 12 2
k Dyspnea with exercise 3 21
[ Cough - 2 7 3
L Sputum production 2
} Wheezing 1 2
I Chest pain 1
1 Palpitations 1 1 j
Orthopnea 7 :
Anorexia 3 1 1 14 1
i Nausea 2 6 12
1 Vomiting 3
: Abdominal pain 1
Diarrhea 1 1 1 2
Constipation 2
| s Inability to solve
5 problems 2 : 13 4
Impaired memory : 3 b 3 :
? Syncope z .
; Insomnia 1
B Tinnitus 1 1 1
b Footblisters 8 L
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Table 2. Numbers of subjects exhibiting abnormalities at low and high altitude =25)

PR~ i i e

: ‘ Phase
i ' Physical Finding ~  Low Altitude i High Altitude
: - : Oh__ 36h 72 h 0Oh 36 h 72 h

Wheezing

Rales

Ronchi : : ‘
Cyanosis : ; 12
Arrhythmia A ;
Accentuated P*

Gallop heart rifjthm

Heart murmur - 1

—O\nhat—

*pulmonic component of the second heart sound.
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Figure 1. Mean expired limb of the quasi-static transpulmonary pressure-volume
curve at low altitude (LA) and high altitude (HA). Each point is the mean of 33
observations, obtained from 11 subjects at 0, 36, and 72 h of each phase. The
analysis of variance indicates that lung volume was a different function of trans-
pulmonary pressure at high altitude than at low altitude (p< 0.001).




