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PART I

CIRCULATORY AND RESPIRATORY TRANSIENTS DURING AND
AFTER ORTHOSTASIS AND THE EFFECTS OF §-ADRENERGIC
BLOCKADE

Orthostatic stress when applied to man by passive head-~up tilt or
simulated by lower body negative pressure produces marked changes in
cardiovascular functions, The most congistent of these are a rise in
heart rate and narrowing of the pulse pressure associated with a decline
in stroke volume and cardiac output {2 }. Vasovagal syncope, occasionally
seen in healthy active individuals in orthostasis, occurs more frequently
after cardiovascular deconditioning by space flight or prolonged bed rest
(15) and tests of this nature have been useful in evaluating the condition
of astronauts during and after space operatione., Most of the effects of
orthostasis are apparently mediated via the autonomic nervous system
and many of the alterations can be accounted for by increased sympathetic
activity in response to cardiovascular reflexes. Sympathetic responses
can be manipulated by certain drugs which block the g-adrenergic re-
ceptors and thus attenuate the rise in heart rate usually resulting from
sympathetic stimulation of the sino-atrial node { 7 ). These agents reduce
the chronotropic cardiac effect of the catecholamines released by the nerve
endings as well as those released from the adrenal medulla (23). This
offers an opportunity to assess the role played by sympathetic activity in
the cardiorespiratory response to orthostatic stress by administering a
B-—adrenergic blocking agent before a tilt-table test and comparing the

results with those obtained on the same subjects without premedication,

The majority of previous studies on orthostasis dealing with changes
in cardiac output { 2, 24, 26 ) have employed invasive procedures,
which in themselves can significantly affect autonomic responses and tol~
erance to orthostatic stress (21 l).._ In this study a non-~-invasive method,
the single-breath procedure described by Kim, Farhi, and Rahn {11},
was used to estimate mixed venous Pcp and cardiac output, This method
permitted us to perform serial determinations at short intervals before,

during, and after orthostasis and thus to focus attention on the rapid



transients occurring during the first few minutes in the erect posture
and after return to recumbency as well as on the relatively steady states
attained after stabilization of compensatory changes. The single-breath
method has recently been validated against simultaneous measurements
by the direct Fick procedure in this laboratory (NAS 9-12572 Rep. 1973)
and has been used for the pre- and post-flight evaluation of astronauts in
the SKY-LAB program (4 ),

Methods and Procedures:

Six male volunteers were the subjects. They were all in good health
ranging from 29 to 62 years of age; mean age was 39. During the experi-
ments they breathed through a unidirectional valve (Lloyd-~Collins) for
the collection of expired air in Douglas bags. Gas analyses were performed
with a respiratory mass-spectrometer (SRI-MEDSPECT MS8) which was
calibrated before and after each run with gas mixtures analyzed by the
Scholander method. Oy and CO; concentrations were recorded continu-
ously from a sampling capillary, placed midstream approximately one inch
from the subjects mouth in the valve orifice,leading to the mass-spectrometer.
The response time of the instrument was 90% of a step change in 90 milli-
sec'om_is at a sampling rate of 4 ml/sec. The outputs for Oy and CO; from
the mass~-spectrometer were connected to two different recorders in paral-
lel. A visicorder (Homeywell-1508A) provided a breath-by-~breath record
on a time base, while the prolonged expirations for the single-breath cardiac
ocutputs were plotted with a Bryans 22000 X-Y recorder on a calibrated Oz -
COz diagram, Heart rates were derived from the ECG using chest electrodes,
Blood pressure was taken every minute automatically from a cuff on the
left arm (AIResearch~-BPMS} and recorded separately (Honeywell-708C),
When in the upright position, the subjects placed their left arm on an elevated
arm rest at approximately heart level {o minimize venous congestion. The
tilt table was a modified x-ray table with footboard covered with a foam
rubber matress. Changes in posture from supine to 600 or vice versa took

15 sec,

All experiments were performed in the afternoon at least one hour
after a light lunch., Each subject performed the test twice on different days

without medication {controls) and once two hours after ingesting 40 mg of



propranoclol hydrochloride (Inderal). The subjects rested for 10 minutes
in the supine posture on the table before the initial measurements, Base-
line measurements involving two separate collections of expired air and
three single-breath maneuvers (SB) were made during é6 minutes preceding
tilt. Immediately after reaching the 60° tilted posture measurements were
made in the first three minutes. These were repeated during the 11.13th
minute and the 21.23rd minute whereupon the subject was returned to the
supine position. Again measurements were made during the first three
minutes and repeated during the 11+13th minute. The exact timing of the
bag collections and SB recordings can be seen from the protocol in Tables
Iand II. Where several SB records were taken during the same bag col-
lection period, the same value for O uptake was used for each of them
{equation 2), SB records taken between bag collections were related to the
mean oxygen consumption calculated from the preceding and the following
collection. Oxygen uptake (1}02}, CO, output ({}‘COZ) and respiratory
exchange ratio (RER) were calculated by the open circuit method, whereby
the inspired volume ('\'fl) was derived by the Haldane transformation. End-
tidal COp concentrations were taken to represent alveolar levels and were

converted to PA g, to calculate alveolar ventilation (\}A):

. Vco
7y = —2 863 (1)
Pacoz :

The cardiac output (653) was czlculated using the equation pr'oposed by
Kim et al, (11 ).

. Vop (R = .32)

= 2
QsB 4.7{Pvco2 - Pagop) (2)

'\7‘02 and RER were calculated from the mixed expired airz. Pacp, and
PP, were derived from the plot of the SB maneuver on the 02/COp
diagram by the three point "moving spline"” method with the help of a
cormputer program. In view of the small systematic difference that was
found between the SB method and the direct Fick procedure {NAS 9-12572
Rep. 1973), all QSB values in this study were adjusted by the regression

established in the comparative study.



O=1.18 xOgp + 0.553 (3)

The pairs of data for all measurements in the two control tests on each
subject were averaged for the comparison with the results after pro-
pranoclol, A paired comparison was also made between the A values
obtained in the tweo control series., The mean coefficient of variation
was 15,5%, which reflects not only the repeatability of the SB method

but also day-to-day variations within the subjects,

Results:
Circulation

The effects of the changes in posture on the circulatory system with
and without pg-adrenergic blockade are summarized with mean values
for all subjects in Table I and Figure 1, with the individual data in Tables
HI - vm.

At supine rest heart rate was on the average 13 beats lower with
propranolol (P) than in the controls (C). During the first three minutes at
60° heart rate increased in both groups and then stabilized for the remain-
der of the upright period. However, while the controls {(C) showed a rise
of 15 bpm the P group increased heart rate only half as much, As a result
the P group maintained a heart rate 20 beats lower than the controls during
orthostasis, On return to the supine posture heart rate fell abruptly in
both groups to a level below the pr»-tilt baseline returning toward the latter

in the following 10 minutes.

Cardiac output did not change much in the C group during the first

3 minutes at 60°, but with P it dropped markedly during the first minute

and was significantly lower than in C (p < .05) at this point. During the
second and third minute however, (3 temporarily rose again with P approach~
ing the level of the last minute before tilt, By the sixth minute @ had dropped
further in all tests but more soin group P (23%) than in C (13%). While O
continued to fall gradually in group C for the remainder of the upright phase
the reverse was observed with P where () increased steadily during the

last 10 minutes of orthostasis and surpassed the C group by 0,5 L/min at

the end of the period. On return to recumbency 0 dropped temporarily



during the first minute with P while C increased slightly. By the third
minute Q) overshot the pre-tilt level in both groups and gradually re-

turned to it in the following 10 minutes.,

Since HR remained stable in both groups after the third minute
upright, the difference in behavior of Q between the two groups was
entirely due to differences in 'stroke volume (Vg) during the latter part
of orthostasis (Fig. 1). At the end of this phase V; was 47% larger with
P than in C, and this was statistically significant (p <.05). On refturning

to the supine posture Vg increased immediately by a significant amount
(p < .05) in the C group, but did not start to rise until the second minute
in the tests with P, Similarly Vg4 reached its peak for the C group in the

gecond minute and one minute later with P.

The arterio-venous Op difference (a~¥D(Q2) dropped temporarily

during the first 3 minutes at 60° more abruptly in the C group than with

P, but increased up to 6 minutes in all experiments, During the remain-
der of the tilt a~¥Dg, in the group with P dropped below C, as would be
expected from the inverse changes in 3, In the first minute after tilt back
to supine it increased immediately by more than one-third of its value in
the preceding minute at 60° in both groups, but returned close to the initial

pre-tilt level in the following two minutes.,

Pulse pressure {PP) was consistently lower with P than in group C

in the first supine period and dropped by about the same amount in both
groups during the first minute at 60°, While it levelled off in the C group
in the second minute, it continued to fall with P. However, in the third
minute PP increased in all six subjects with P, so that the mean was
actually higher than in C at this time, By the sixth minute PP was again
loweyr with P and continued at the same level to the end of orthostasis.,

On return to the supine posture PP did not rise as much with P as in

the others so that the difference between the two was about as great as

"~ in the pre-~tilt supine period,

Respiration

Mean values for ventilation (\'II}, oxygen uptake (ffoZ)-, respiratory
exchange ratio (RER), alveolar COp pressure (PACOZ}, and the alveolar
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fraction of total ventilation (Vy /Vi) are summarized in Table II for two
measurements supine before tilting, at the beginning, middle, and end
of orthostatic stress,and two periods after return to the supine position.
The data on each individual are to be found at the bottorn of Tables Iil-
VIl '

On the average ‘:TOE wasg slightly lower than the controls in all tests
with P, regardless of time and posture, with the exception of the last
three minutes at 60° (note: one subject was migsing at this point), There
was a atatistically significant drep in \‘fgz in all tests on transition to the
upright posture {15% for group P and 10% for C} and a greater rise in
‘}02 on return to supine after orthostasis (15% for P and 34% for C), but
this was statistically significant in the controls only (p < .05).

Ventilation increased significantly {(p < .05) on assuming the upright
posgition in spite of the decline in ‘}Oz- At the same time the RER increased
above unity and Pp o, dropped in both groups. All of these changes were
statistically significant. The measurements after 11-13 and 21-23 minutes
of orthostasis show that while ‘:?1 had reverted close to the initial supine
level a.‘nd RER was even lower than initially, PACOZ remained considerably
below the preceding supine values. Alveolar ventilation assumed a slightly
higher fraction of total ventilation {W?A /\?E) at times where the latter increased,
but the change was significant only in group C on return to the supine posture.

At the same time Parp ‘ncreased again close to the initial supine values.

Discussion:

Control Series

The alterations in cardiovascular function in response to changes
in posture observed in the control series of this study are generally in
agreement with those reported in numerous previous investigations, It
is generally accepted ( 6, 13 ) that the drastic incréase in hydrostatic
- pressure in the blood vessels of the dependent part of the body on changing
from the supine to the upright posi:ure leala_i_s to passive vasodilatation in
those areas with a corresponding shift of blood volume out of the thorax, thus
jeopardizing central blood volume, At the same time the drop in hydrostatic

pressure in the cephalad vessels reduces the baroreceptor drive in the



carotid sinus thus triggering adrenergic sympathetic activity which in

turn stimulates cardiac function and peripheral vascular resistance.

The procedure employed here permitted us to follow these dy-
namic responges on a minute«by-minute basis. Thua the marked fall
in pulse pressure on tilt to 60° was observed simulianeocusly with a rise
in heart rate in the first minute. At that time no change in cardiac
output nor stroke volume was seen in the control series, This would
suggest that the tachycardia is initiated by direct action of the change
in hydrostatic pressure on the baroreceptors rather than curtailment
of blood flow at this time, Nevertheless, heart rate continued to increase
during the second and third minutes at which time ) and Vg started to
fall, It is also noteworthy that HR stayed remarkably constant through-
out the following 20 min at 60° while Vg and Q) dropped considerably during
this period in the controls. The latter may reflect a continuing loss of
central blood volume not only due to intravascular pooling in the lower
extremities { 19 ) but also to loss of plasma fluid by extravasation (25 }).
In contrast to our findings of a gradual decline in ) throughout orthostasis
in the controls, Segel et al. (18 ) using NpO and a body-plethysmograph
reported no further changes in () over 20 minutes of 90° tilt after a drastic

fall in pulmonary blood flow during the first few minutes (2 subjects).

The constancy of HR during the latter part of orthostasis was unex-
pected in view of Sjdstrands observation that pulse frequency varies
inversely with thoracic blood volume and the diastolic volume of the heart
{19 ). However, this relationship certainly does apply to the changes
observed on return from the erect to the supine posture where HR dropped
immediately to values below the initial supine period. This coincided with
a rise in stroke volume and pulse pressure reflecting a surge of blood
into the thorax. According to Bainbridge { 1 ) distention of the great veins
and right auricle by increased filling pressure usuaﬁy elicits cardiac
acceleration, Recent investigations on conscious (10 ) as well as anes-
thetized (12 } dogs using artificial volume loading indicate that this is due
either to inhibition of the parasympathetic-system or direct stimulation of
atrial mechanoreceptors; none of these experiments were associated with
changes in posture. In the present study, as in many others, the increase

in central blood volume on returning to recumbency was invariably followed
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immediately by marked slowing of the heart rate with a significant
increase in stroke volume and pulse pressure, OUne must assume

that on tilting from the upright to the supine posture the sudden rise in
hydrostatic pressure generates a strong depressor reflex from the carotid
sinus which overrules the accelerating drive usually caused by an influx
of blood to the chest. In spite of the sharp drop in heart rate,cardiac
output increased substantially for a brief period after return to supine

because of the even greater increase in stroke volume.,

The sudden increase in a~%¥D@p in the first minute of recovery
from orthostasis also points to the fact that the major part of the pooled
blood with low oxygen content is returned to the central circulation at
thisg time. (3, Vg, and HR all returned to their initial supine levels well
within 10 minutes recovery, This is in contrast with the results of
Tuckman and Shillingford ( 24 ), who repoerted that G { dye-diluﬁan method)

did not return to baseline within 25 min of recovery from a similar tilt,

The significant increase in ‘\:"I during the first three minutes after
tilting apparently represents true hyperventilation, since it sccurs while
1}02 is reduced and RER is greater than 1.0. This phenomenon usually
subsided after a few minutes with exception of those instances where
syncope was imminent (e.g., Table V). The origin of this orthostatic
hyperventilation that has been reported by many others is uncertain, but
it is conceivable that it is initiated by afferent impulses from the arterial
baroreceptors ( 9 ). Another possible cause is the reduction in cerebral
blood flow associated with an increase in Py in the brain { 16 ) stimulating
the central chemoreceptors. In view of the immediate increase in Vj on
tilting, the reflex mechanism might appear more plausible than the humeoral
one. On the other hand, the fact that PAn, was maintained at a lower
level throughout orthostasis might well be explained-by the greater arterio~
venous PGOz difference in the brain due to reduced cerebral blood flow { & )
which calls for a lower arterial Poop to maintain the same COp level at
the central chemoreceptors. \.’I was actually about the same as in the pre-
tilt controls in the latter part of orthostasié in keeping with the lower COp
output. The drop in PﬁCOZ of 4-~5 mm Hg seen in our subjects is of the

same order as reported by others ( 3, 16 ), Bjurstedt et 2al. { 3 ) measured
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both alveolar and arterial Pco; and found that the difference between
the two increases on transition from supine to erect posture, so that
the reduction in Py is only half as great in the arterial blood as in
the alveolar gas. This is attributable to changes in the distribution of

ventilation and blood flow in the lungs.

In the first three minutes after return to the supine position V4
again increased above the pre~tilt supine values. This time it was
concomitant with a gignificant rise in “:P‘OZ in the control group and RER

did not increase, thus denoting true hyperpnea, not hyperventilation,

It stands to reason that neither the drop in "\}02 at the beginning
of orthostasis nor its rise immediately after return to recumbency
reflect actual alterations in metabolic rate but rather the depletion and
repletion of Oz stores in the body, which are associated with a non-metabolic
decrease or increase in 1}02’ respectively., The reduction of "J’Qz during
the first three minutes in the upripght position with a slightly reduced
a-¥Dns and little change in ) can be explained by a redistribution of
cardiac output with a smaller contribution from the vasculature of the
lower extremities where blood flow is sluggish and O; extraction is greater,
and a larger contribution from the remainder of the body. At this peint
part of the metabolic Oy requirements is being taken from the O; stores
of the blood and does not show up in the measured ‘:TOZ, On the other hand,
the increase in “}I at this time would tend to increase Op stores in the lungs
and the arterial blood, but this effect is very small. Incidentally, the
increase in FRC coincident with tilting to 609 would zlso add fo the oxygen
store in the lungs, But this took place before the measurement of \702 was
started.

The tilt back to supine was followed by a marked increase in {rOZ
for the first few minutes, this time signifying the replenishment of O;
stores as pooled blood with low O, content was returned to the central
volume, The latter is clearly evident from the transient peak in the a-¥DQy
while Q is rising rapidly. Direct htteasure_ments of O, content in blood
from the femoral artery and vein by Reeves et al. ( 17} revealed that the
difference between the two was 12,3 vol% in the upright (70°) as compared
to 4.1 vol% in the supine position at rest, Rahn and Ament { 16 ) have made

similar cbservations on Vo during orthostasis and recovery, They claim
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that the increase in ‘:’02 on return to recumbency was greater in their
experiments than could be accounted for by blood pooling a2lone and suggest
that a true Oz debt may be incurred during orthostasis. Taking into
account not only the reduced cardiac output, as Rahn and Ament ( 16 )

did, but also the much lower O) content of pooled blood during orthostasis
(17 }, we believe that the excess Op uptake observed after return to supine
posture can be adequately explained as replenishiment of Oz stores without
invoking a metabolic oxygen debt. The only evidence we could find that
might speak in favor of a lactacid rather than an alactacid O, debt is an
insignificant decrease in standard bicarbonate {mean ~0,6 mM/L) after

8-10 min of orthostasis reported by Bjurstedt et al, { 3 ).

Effects of Propranolol

Some of the cardiovascular regponses to changes in posture were
notably altered by propranclol, While the heart rate (HR) was signifi-
cantly reduced with P duriﬁg the first supine period attesting to an attenu~
ation of PSeadrenergic activity, both experimental and control groups
responded to the upright tilt with an increase in heart rate reaching a
plateau after three minutes, However, with P the increment was not
nearly as great. If the response in HR were mediated entirely by the
8 ~adrenergic receptors, no change would be expected after tilting., The
fact that a limited response was forthcoming suggests that a reduction in
paragsympathetic tone as well as sympathetic activation participates in
the tachycardia of orthostasis. Ucing unanesthetizec dogs to chaerve
ventricular function with selective autonomic denervation, Stone et al. (22)
found that B-blocked animals could increase their HR by reducing para-
sympathetic activity. Indeed Pickering et al. { 14 ), who studied reflex
bradycardia in relation to blood pressure,came to the conclusion that
reflex changes in HR following alterations in blood pressure are predomi-

nantly parasyrnpathetic,

The hemodynamic adjustments to the upright position were apparently
not as smooth in the P group as in the controls (Fig. 1}, possibly due to
the limited HR, ¢ and Vg4 dropped irmediétely and (O was significantly
{p <.01} Iawler than in the controls in the first minute. During the next
twe minutes, however, there was a transitory recevery of Q and Vg with

a coincident rebound in PP, This initial instability in the group with
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8 -blockade was overcome by the 6th minute upright and from then on
to the end of the period striking differences emerged between the two
groups. While (} and V, gradually declined after the third minute up-
right in group C, there was a marked increase in these functions in the
P group, so that at 16 and 21 minutes V_ was significantly larger than
in the controls and Q had returned to the level observed supine before
the tilt. No remarkable changes in HR and PP occurred in either group
during this time. Such an improvement in cardiac function can be
explained only by an increase in venous return in spite of continuing
orthostatic stress, To what extent venoconstriction may have contributed
to this remains speculative, There is remarkably little evidence for
active constriction of capacity vessels in orthostasis to be found in the
literature { 6 }, but to our knowledge venous reactivity to gravity has
not been investigated affer F-adrenergic blockade, In any event this
observation attests to the greater importance of an adequate venous
reservoir than the rise in heart rate during extended orthostasis., A
corollary to this can be found in the work of Weissler et al. (26 ), who
demonstrated in man that sudden tachycardia produced by atropine fails
to elicit an increase in () in the upright posture, while it invariably does

so in supine position where the venous reservoir is not limited.

After return to the supine pesture from 60° the group with P
responded as promptly as the controls with bradycardia and an increase
in PP. However, while O and V. increased during the first minute in the
controls, there was a glight drop in {) and no change in Vg with P until
the second minute and the increase was not as great. Whether the lag
in cardiac function was due to the disturbance of autonomic control by
the f-blockade or the reflux of blood previously peoled in the lower
extremities was not as great as in the controls is open to conjecture.
One observation in favor of the latter was a much smaller excess in \}02
in the first three minutes after tilt-down with P, Using the figures in the
last line of Table II as true metabolic rate the P group took up 210 mi
more O, in the first three minutes to replenish Oy stores while the controls
required 297 ml for the same period. This can be taken as indirect
evidence that less blood was sequestered in the periphery during the latter
part of the tilt in the group with fB-adrenergic blockade than in the controls.

11



Finally, attention is drawn to an cbservation not directly related
to the topic of this study, With {few exceptions T’}Oz was consistently
lower regardless of posture after ingestion of propranolol {average 6%)
and the RER was regularly higher, This has been reported by others
{20 ) who have invoked a general inetaboiic effect of propranolol, besides

reducing myocardial metabolism, with greater utilization of carbohydrates.

Orthostatic Tolerance

Three of the six subjects experienced some nausea, dizziness,
and anxiety once or twice during the latter pari of orthostasis. In only
one of thern had the protocol to be abbreviated by returning him to the
supine position, once in a control test after 18 min at 60° and the second
time with propranolol at 1& min, The second subject also felf dizzy at
the end of one control run and with propranolol, The third one was
adversely affected only with propranolol, The number of incidents is
too small to draw any conclusions as to whether or not f.adrenergic
blockade reduces orthostatic tolerance. But it is not unreasonable to
speculate that the incidence of vasovagal symptoms would have been
higher if the relative bradycardia induced by the drug haé nof been more
than compensgated for by a significant increase in stroke volume after

10 minutes of orthostasis, thus maintaining an adequate circulation,
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APPENDIX~-PART I

Critigue of Procedures:

A eritical appraisal of the single<breath method {11) was
presented in a previous report from this laboratory (NAS 9-12572
Rep. 1973) with suggested adjustments to approximate values ob=
tained by the direct Fick procedure, The following discussion deals
with the question: What kind of information can be obtained from a
procedure based on the Fick principle under the experimental
conditions described in the preceding paper? Any estimate of
pulmonary blood flow ((3) using the Fick equation based on samples
not taken under rigorous steady state conditions cannot be accepted
without certain reservations, Cne of the premises of the concept is
that Oy uptake as measured from the respired air at the mouth is
exactly equal to that taking place on the average in the tissues, This
implies that Op stores in the lunge, in the blood, and in the tissue
{myoglobin) are not in a transient state, but at an equilibrium, On
a theoretical basis Hamilton (8) postulated that in order to insure
optimal conditions a giver steady state must be maintained for 10-15
minutes before measurements are taken, On the other hand, direct
measurements on mixed venous blood performed sequentially during
the first 5 minutes of heavy exercise reported by Donald et al. (5}
have shown the Oy content drops rapidly but stabilizes already after
1-1/2 min, In the light of these findings it would appear that the measure-
ments made at supine rest before tilting to 60°, all those obtained after
6 minutes in orthostasis, and the final measurements at 6 and 11 minutes
after return to the supine posture would meet the requirements of a
steady state, whereas the values derived from measuremients during
the three minutes immediately following changes in posture do not
because rapid alferations in hemodynamicsrare taking place. The follow~
ing remarks will deal with these two phases only.

The circulatory data in Table I and Figure 1 for the three minutes
after tilt up and tilt down are based on an SB maneuver at the beginning
of each minute for a-¥Dgy, while expired air was being collected con-

tinuously and the average '\7"02 over the three minutes was used with
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a-¥Dg, from each 5B tho estimate ) and Vg for each minute. While

the values for a-9Dg, are probably valid for the time at which each

SB maneuver was performed, the data for f) and Vg must be distorted
because "‘}‘02 was not constant but was changing due to shifts in blood O,

stores during these periods {16},

In order to differentiate the transients in W?Qz immediately after
change in posture an additional series of experiments was performed
where expired air was measured and analyzed for three consecutive one-
minute pericds before and after tilt up and tilt down using a Tissot (120
liter) instead of averaging three minutes in 2 Douglas bag as in the first
series, The protocol was exactly the same as previously, only that
orthostasis was maintained for 10 minutes only instead of 23 minutes,
No single-breath maneuvers were performed in this series to avoid any
disturbance of spontaneous respiration and O, stores in the lungs, Four
subjects who had also participated in the main experimental series were

available for the additional tests.

Results and Comments:

The results of the additional tests are given in Table IX for each
subject with the mean values below. Looking at {TOQ each minute after
tilting up there is a 21% drop in the first minute continuing through the
second minute with a slight rise in the third, Assuming that metabolic
rate continued at the same level as prior to tilt, a total of 159 ml, less
Oz was taken up during the first three minutes at 6U9 and was presumably
procured from O stores in the body {16}, During the first minute after
return to the supine posture \7‘02 neazly doubled, falling again during the
second and approaching the pre-tilt basecline in the third minute, The
additive excess O, uptake during these three minutes was 198 ml and
this represents Oy restorage. The fact that the excess \"Oz after tilt
down was greater than the O; deficit measured in the three minutes
after tilt up can be explained by a small additional deficit that was not
measured during the remaining 7 minutes at 60°, This is compatible
with the gradual decline in cardiac output observed after the third minute

in the control group of the main series (Fig. 1, Table I}.

14



The shifte in Oy stores with posture were associated with coin-
cident, inverse changes in COy étores. On return to supine position
COy output {Table IX, below) was considerably greater than supine
before tilt, However, the excess “\}CGZ in the first minute supine (69
ml) was much less than the coincident excess \'702 (154 ml). The
expected storage of CO; during orthostasis must have been partly
offset by the observed hyperventilation,

In Table X the A columns show mean values for ’C*Qz, a-%Deyy,
and O obtained in the previous study on the four subjects who partici-
pated in the additional tests for comparison with B, the values measured
in the latter. The difference is that in A ‘{FOZ was measured cumulatively
over three minutes after tilt up and tilt down, whereas in B it was
measured for each minute separately. The average values for the
same three minutes (B) were within 10% of those in A so that one can
assume that the response of the subjects was practically identical on
both occasions., Therefore it appeared justified to estimate Q for Series
B using the values for a-¥D(, obtained in Series A for each of the three
minutes erect and supine. At 60° the adjustment of Q in B does not make
much difference, as éA is within 10% of QB and the conclusion based on
the former may be valid. However, on tilting back to supine éA was
evidently underestimated during the first minute, because "‘}Oz was
actually much higher at that time than the three minute average (Vgo,
B) used to calculate it, In the third minute, on the other hand, C-zAwas
overestimated as '2702 had dropped considerably by this time, These
results gtrongly suggest that the peaks in Q) and Vs on refturn t{o supine
as shown in Fig, ! and Table I in the second minute were actually attained

already in the first minute,
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Table I, Summary of Circulatory Data

HR A - Vs 2-¥Do2 PP
b/m liters /min ml ml/100 m} mm Hg
Posture  Min. C P C P C P C P C P
1 68 * 59 5.51 5,05 83 87 5.3 5,3 47 33
1, Supine 3 71 & 56 5.03 4.69 72 86 5,6 5.7 44 34
5 70 % 57 4.94 4,30 72 75 5.4 6,2 42 = 35

*
1 76 + 60 5.11 % 3.71 70 64 4,8 » 6.0 30 25
2 84 * 64 4,91 4,31 61 72 5,0 5.3 30 23
60° 3 85 % 66 5.03 4,38 62 67 5.0 5.1 29 36
Upright 6 85 * 65 4.31 3,36 54 53 6.3 6.7 27 23
11 86 % 65. 4,20 3,45 52 54 6.4 6,7 30 20
16 86 * 63 4,06 4,25 49 * 69 6,6 6.2 27 23
21 86 % 65 4,06 4,55 49 » 72 6.5 6.1 25 21

* e ) M -

1 65 % 52 4.31 3,84 67 72 9,0 8.2 41 « 29
2 62 » 56 5.89 5,39 97 94 6.0 6.1 40 * 25
2., Supine 3 63 * 55 5,72 5,76 94 103 6.1 6.0 36 26
6 . 64 * 55 5,49 5,12 89 92 5.6 5.7 37 % 26
11 5,3 39 » 30

67 55 4,29 4,31 66 = 79 5.8

Columns: C = Controls, P = Propranolol, Propranclol: n= 6 except 21 min. upright and Q,
Vg, and a~¥DQp during first min, supine after tilf wheren= 5,

Statistically significant differences on changes in posture or between C and P are indicated
28 «p=<0.050r * p=0.01, :
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Table II. Summary of Respiratory Data

% Yoz Pacop o
1./min L/min RER mm Hg Va /VE
Posture Min C P C P C P C P C P
. 1 -2 8,81 8,48 280 257 + 92 .98 34,8 5.7 . T4 « 73
1, Supine
5 ~b 8,06 T.93 263 254 «90 <92 34,7 35,3 .73 .74
» ® * # * - 3* *

1-3 9,68 9,06 238  .217 1.04 1,06 29.6 29,6 75 « 75

60° .
Upright 11-13 8,17 8.:9 254 .230 81 .85 31.3 30,7 .10 .70
21.-23 8,16 9.34 250 257 .81 « _88 31,1 30.4 »70 .71

* * *

2. S:upine 1-~-3 9,49 9,57 335 296 .82 « .89 34,1 - 33,1 .15 o T4
11-13 7.44 7.18 236 L2206 .85 .87 33,6 33,8 LTI - T

C = Controls, P = Propranolol. Propranolol:n=6 except 21-23 min, upright where n = 5, Statistically
significant differences after changes in posture or between C and P are indicated by +» p< 0.05 or
¥ p<0,01,



22

Table III, Subject FB
Circulatory Data

HR Q Vs a-¥Doy PP

Posture  Min cC P C P C P c P C P

1 62 48 5.53 3,39 91 71 5.7 6.8 50 35

1, Supine 3 69 48 5,0 3,13 73 65 5,7 7.5 45 33

5 65 53 5,23 3.41 80 b4 5.2 7.1 42 39

1 70 50 4,00 2,80 58 56 6,6 7.0 3% 26

2 72 49 4,47  4.45 64 91 6,0 4.4 42 30

600 3 72 52 3,64 2,97 50 &7 7.4 6.6 37 35

Ooright 6 77 55 3,82 2,77 51 50 7.1 8.1 34 34

prig 11 78 58 3,3 2,92 44 50 8.0 8.6 38 37

16 77 55 3,23 3,27 44 59 8.2 7.4 37 35

21 84 59 3.04 2,94 36 50 8.8 7.8 48 31

1 66 53 4.97 2.89 76 55 7.3 9,9 54 32

2 62 54 5.98 3,83 96 71 6.1 7.5 47 32

2. Supine 3 62 52 5.38 4,98 88 96 6.8 5.7 37 26

: 6 64 46 4,46 3,59 71 78 6.8 6.7 42 3l

i1 69 49 3,85 3,47 56 71 6.6 5.7 47 31

Respiratory Data

s ' \}I {TOZ RER PACOZ ‘}AI"}E
Posture Min C P C P C P C P C P
1. Supi 1-2 8,18 6,56 .296  .229 .84 .92 36.7 37.4 72 .15
. Supine 56 6.76  6.70 270,242 .79 .93 37.2 36,8 .74 .19
600 1.3 7.82  6.52 262,197 .86 .91 33.7 32,7 L75 .73
ope  11-13 0 6,91 6,60 L267  .252 L7213 35,2 35,1 .70 .70
Uprig 21-23 6.90 5,87 .257 ,230 .73 .75 34,6 35,8 69 .72
2. Buni 1-3 8.56 6,08 .354 ,286 7T .16 36.5 39,2 .77 .80
« SUPINe 314 .13 6,06 4,97 .250 . 198 .75 .80 36,1 38,1 .75 .73

C = Controls {means of two tests)
P = Propranolol
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Circulatory Data

Posture. Min
1
1, Supine 3
5
1
2
60° 2
Upright 11
16
21

1

2

2, Supine 3
' 6

1

Respiratory Data

Posture Min
1, Supine ; i ?,
60° 1113
Upright 21.23

2, Supine 111_"1§

HR

C

11,27
9.43

13,28
9. 05
9. 42

13.20
9.55

P
66
64
66
67
73
74
69
71
71
72
62
66
66
63
66
ki
P
9.85
9.37
11,70
6.55
9.49
13,80
9.64

C = Controls (means of two tests)

P = Propranolol

Table IV, Subject WC
Q Vg
C P cC P
7.31 7.74 93 117
7.38 5,06 21 79
5,31 6.43 67 97
5,86 5,18 9 11
5.86 4,33 68 59
6,77 4.47 80 60
6.78 3,81 82 55
6,09 3,42 72 48
5.77 6,61 65 93
5.29 5,86 59 81
T.57 6.25 94 101
8,71 10.80 120 164
7.62 12,36 106 187
8.30 9,79 114 155
6,16 6,21 79 94
Voo RER
C P C P

.329 ,280 1,00 1,04

.296 .289 .92 .91

275 .249 1,15 1,15

.292 .203 .78 .B1

.302 .293 .79 .84

. 406 . 375 .91 .98

267 «257 .90 .93

a-¥Do2
C P C
4,7 3.6 35
4,3 5.6 41
5.6 4,5 37
4,7 4.8 21
4,8 5.8 25
4,1 5.6 25
4,4 5.9 21
5,0 5.9 31
5,2 3.8 29
5,7 5.0 30
5.6 6.0 30
4.7 3.5 28
5.6 3.0 25
4,1 3,2 29
4.5 4,1 34
PAcoz
C
34,7 33.8
34,5 33.4
27.9 27.7
32.6 33,0
32,7 31.4
32.8 29.6
31.6 30,5

PP

21
36
32

20
23
26
27
Z3
20
16

33
25
30
21
31

C
.13

Va/ Vi
P
.75

.73 .73

.73

.76

.68 .66
-68 .71

.74
.69

.77
.70
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Circulatory Data

Posture Min

1
1, Supine 3
5

1

2

600 2
Upright 11
16

21

1

pA

Z, Supine 3
' 6

11

Respiratory Data

Posture Min

1. Supine ;:2

600 1-3
- 11-13
Upright 21-23

. 1-3
2, Supine 11-13

C = Controls {means of two tests except at 60°, 21 min.)

P = Propranolol

C
68

68

89
92
97
97

100

95
97

55

54
58
59

C

2.78
8.99

10,01
- 9.66
9.80

10,22
7.70

P

55
45
52

55
59
58
66
64
47

42
52
50
46
45

L

Vi

13.79

Table V,

C P
6.43 4,97
5.26 4,31
5,82 4,01
4,94 3,66
4,93 3,01
4,48 4,51
3.42 3.34
4,00 3.42
3.84 3,68
3.46 --
3.40 4,13
6.58 4,02
6.01 3.30
5.28 3,60
4,19 3,31

. 301
.292
.233
274
.286
. 354
.254

+259
.259

.230
286

.282
.252

Subject JL

C

95
77
86

57
55
47
35
41
41
36

65

127
113

92
71

1,09

9C
96
17

67
51
78
51
53
78

98
77
66
78
T4

RER
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P

C

66
54
39

44
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10
22
30
29

42
34
32
33
33

35,6

36.5

29,2
22,5

T 66

P

.70
.69

77
. 80

72
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Circulatory Data

Posture Min

1

1, Supine 3
5

1

2

600 g
Upright 11
ié

21

1

2

2. Supine 3
: 6

1

Respiratory Data

Posture Min

. 1.2
1, Supine 5-6

600 113
Upright 21-23

2. Supine lf;}g

C = Controls (means of two tests)
P = Propranolol

10,99

10,73

10,51

HR
C P
83 67
86 67
85 66
97 T2
101 76
163 16
98 172
101 75
101 76
99 76
75 62
73 66
75 63
7 70
82 64
Vi
C
9. 66
8.42
10,31
1 9.76
9,20
8.47
8,38

Table VI.

C

4,48
4,15
4,15

5.76
3.99
4,36
2.64
3.18
3.10
3.51

2,00
3.53
3.77
3,52
3.14

.283
.246

231
.254
.233

AR
232

P

4,92
4,10
3.94

3.99
3.98
6,31
3.62
3.48
3.17
3,30

2,84
4,23
4,06
3.74
4,20

. 326
L2178

. 244
.254
261

. 316
. 241

Subject UL

C

54
49
49

60
40
42
a7
32
31
36

27
48
51
46
39

.88

P

90

1.00
.87
.85

.86
.90
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31.9

26,1
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28,0

30.9
29,1

C

38
41
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12
14

22

15
15
22
11

34
42
40
38
45

PP

P

29
43
38

28
14
30
15
15
27
14

30
24
19
26
34

Va Vg

C

.70

.75
.69
.69

.71
.68

169

P

.72
.70

.75

69

.73
.73



92

Circulatory Data

Posture Min

1

1, Supine 3
5

1

2

60° .
Upright 11
16

21

1

. 2
2. Supine 3
' 6

11

Respiratory Data

Posture Min

1, Supine ;:z

600 11;l -1??:
Upright 21.23

. 1-3
2, Supine 11-13

C = Controls (means of two tests)
P = Propranolol

10,01
7.23

HR
c P
53 49
56 48
60 47
54 46
64 51
63 55
64 51
59 51
67 57
62 54
56 43
58 47
56 45
54 49
55 45

Vi
C
7.40
7.93
8,05

' 6.51
8.21
8.91
6,75

Table VII,

C P
5,47 5.40
4,67 6.42
4,75 3.41
5.42 4,19
5.63 6.72
6,03 4.49
5,05 3.48
4.66 4,22
4,63 4,85
4,64 6,72
5.09 -~
6.01 4,09
6,31 4,23
6.40 4,28
4,62 4,00

P
279 .248
.278 .253
- 249 . 232
.255 .216
.264 . 290
. 381 . 285
245 221

Cc

103
84
79

102
88
96
79
80
70
75

91
145
113
121

84

1,02

Subject LM

P

110
134

73

g1

132

82
68
83
85

124

87
94
87
89

RER

¢!

1 O~ i
* + v v ® a
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rin o

) . e
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PAco,

C

39.2
38.8

35,5
36.0
32,4

37.7
37.4

P

38.4
40,1

35.6
35.8
33,3

C

47
51
58

37
42
52
39
44
28
27

55
58
58
58
47

37.8

39,2

"6

PP

P

50
34
42

27
26
32

15
22
24

40
32
36
39
36

Cc

77
N

.76
.76
.76

78

P

.75
.78

L7
.75
.14

.76
.78
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Table VII, Subject SR
Circulatory Data

HR Q Vg a-¥Dg, PP
Posture Min C P C P C P C P C P
1 64 67 3.83 3,87 61 58 5,0 5,2 40 39
1, Supine 3 62 63 3.69 5.1l 60 81 5.3 3.9 31 32
5 63 60 4,36 4,62 70 77 4.5 4.4 33 31
1 72 67 4,70 2.42 66 36 3.8 6,2 27 38
2 87 73 4,59 3,34 53 46 4.0 4.5 28 31
600 3 91 80 4.88 3.54 54 44 3.6 4,2 30 51
Uoright 6 88 77 4,14 3,15 47 41 4,4 5.0 31 32
prig 11 92 73 3,90 3,26 43 45 4,7 5.1 24 19
16 89 71 3.78 3,93 42 55 5.1 4.8 16 23
21 95 45 3,82 3,94 41 61 5.3 5.4 10 18
1 59 50 2,81 3,09 48 62 8.8 7.4 33 17
2 54 52 4,51 5,37 84 103 5.5 4.3 30 22
2. Supine 3 57 51 5.23 5,60 92 110 4,7 4,1 25 29
'S 57 55 4.97  5.69 87 103 4.3 3.7 24 22
11 57 61 3.80 4,68 67 17 4.5 4,0 28 27
Respiratory Data
Posture  Min C P C P C P C P C P
1. Supine -2 6,57 6.52 .192 .20l 1.01 .94 35,2 36,9 .72 .68
e 5-6. 6,82 7,76 L1933, 201 .01 1,05 34,4 32.8 L7200 .72
400 1-3 8,62 7.90 176,149 1.16 1,13 27.9 26.4 .13 .70
Uoright 11713 7:15 6,45 181,167 .91 .81 29,1 29,7 .69 ,62
Prig 21-23 7.06 11,35 Jgs5 212 .87 .97 30,6 23.3 69,67
2. Sup 1-3 7.59 10,25 .246  ,229 .87 1,03 34,2 30.2 72 L 66
» DUPIRE 11 13 6,21  7.67 169 187 .96 .96 33,7 30,1 67 L 67

C = Controls {means of two tests)
P = Propranolol



Subject

J L

LM

UL

8¢

SR

Means

Items

Voz
Vcoz
RER

Yoz

VYcoz
RER

Yoz

Vco2

RER

Voo
Vecoz
RER

102

Vco?
RER

1

6.11
. 241
. 207

.86

6.97
277
276
1,00

10,11
. 334
0284

.85

6,93
212
212
1,00

7.53

".266

.245

.93 .

Supine 1

Minutes
2

5.64
+239
. 189

» 19

8l29
.315
.318
1.01

10.26
« 340
276

.81

7.05
.206
'200

.97

7.81
.275
. 246

-90

Table 1X, Additional Tests

6.55
+290
224

AT

8.08
.333
-329

«99

9. 54
. 332
262

.19

5,63
.198
. 176

.89

7.45
.288
. 248

.86

1

6.97
. 199
. 194
D97

7.89
0275
.290
1,05

8.98
206
.’ 194

.94

11.51
4196
.283
1,44

8.84
.219
. 240
1.10

60°

Minutes
2

7.39
.238
,211

. 89

5.91
217
.217
1.00

9.91
L 246
L,213

. 87

8,31
.131
. 172
1,31

7.88
208
-203
1,02

3

T.34
.207
. 179

.86

8.29
. 331
. 308

‘93

g' 50
272
224

.82

8.91
. 156
. 184
1,18

8.51
. 242
. 224

.95

1

9.21
L] 376
.260

.69

10,31
.518
.410

.79

13,42
.561
* 394

.70

7.22
.264
. 197

.15

10,04
.315
L 13

Supine 2

Minutes
2

8.20
. 335
.259

17

7.08
¢294
.269

.91

10,93
. 369
.295

.80

5.28
.231
. 161

. T0

7.87
. 307
. 2«46

.80

3

7.49
. 304
. 236

.78

7.00
. 324
L] 283

.87

9.11
. 297
.234
.79

6.04
.232
175

.75

7.41
» 289
232

.80



Table X,

Yo, a-¥Dg, o)
L/min ml1/100 ml L/min

Min A B B A A B
Supine 1 1.3 | 259 276 5.5 4,71 5,02
1 219 4.3 5.16 5.09
600 2 1»,222 ,208 } ,223 4,8 4.63 4,33
3 242 4,6 4,83 5,26

410 - - - - - -
1 . 430 10.3 3.04 4,17
Supine 2 2 . 313 . 307 . 342 6.3 4,97 4,87
3 . 289 6.0 5,22 4,82

Group A: Data from 4 subjects in main series
Group B: Additional tests on the same four subjects
B: Mean values over 3 minutes on Group B
for Group B is calculated using a-¥L g, from Series A.
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PART II

THE DETERMINA TION OF TOTAL BODY WATER BY AN ETHANOL
DILUTION ME THOD

The physiological significance of changes in body weight, be it
in health or disease, can be properly assessed'only with k:nour"ledge of
total body water content (TBW). Disturbances in finid balance are
common in many pathological states, such as renal and cardiac diseases
or endocrine disorders. In healthy individuals the total amount and
distribution of body fluide can be markedly altered by thermal stress,
strenuous exercise, or water immersion, The orthostatic intolerance
of astronauts returning to earth after extended space operations has been

associated with weight loss and a reduction in plasma fluid volume,

So far clinical methods for measuring TBW have been limited to the
use of antipyrine (9) and its derivatives, which involve injections and re-
peated blood sampling, or the injection or ingestion of hydrogen isotopes,
deuterium (8) or tritium {3), Neither of these can be repeated at frequent

intervals because of potential toxicity or residual radiocactivity,

In view of the need for a convenient, preferably non-invasive
method for measuring TBW, we have explored the feasibility of using
an ethanol dilution method first proposed by Gruner {1) in 1957, The
exquisite solubility of ethanol in water and its good permeability in body
tissue would make the ethanol dilution method most attractive if a precise

and rapid method were available to measure it,

Recently the need for convenient, not«invasive methods for measur-
ing alcohol for forensic purposes in wide scale traffic accident control
programs has expedited the development of several devices which permit

an accurate estimate of blood alcohol levels from samples of expired air,

The following provides a preliminary report on the results of a
current study using the ethanol (ETH.) dilution method in comparison
with simultaneous tritium (HTOQ) dilution studies for the estimation of

total body water {TBW) in normal subjects.
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Concurrent determinations of body density in our subjects
provided an opportunity to relate TBW not only to gross body weight
(Wt) but also to fat free mass (FFM) and thus establish correlations
which can be useful in assessing the nutritional status and physical

condition of an individual,

Methods and Procedures:

The general principle for all dilution methods for TBW is that
if a given amount (I} of a water soluble indicator is injected or ingested,
TBW can be calculated if its concentration c in body fluids is measured

after complete equilibration,
TBW = =~ (1)
c

After ingestion of ethanol its concentration in the bloodstream
increases up to a peak (see Fig. 1) as it is absorbed and distributed in
the body. Thereafter it declines gradually over the next few hours as it
is metabolized or excreted by the lungs and kidneys, If a series of
determinations i8 made at intervals after equilibration and the concen-
trations are plotted against time to define the slope of decay, one can
establish the concentration cg that would have exiasted if complete mixing
‘and equilibration had taken place instantaneously after ingestion by

projecting the slope to the zero intercept in time.

This can be done graphicaliy (Fig, 1) or with the following

equation,

St B(tec) - B - Bl 2
€0 = TZHZ - nzte (2)

where t is the sampling time after ingestion, c the concentration in

each sample, and n the number of samples,

Ethanol was measured on expired air samples exhaled directly into
an ALCO-ANALYZER (Luckey Laboratories), which is a specially designed
gas chromatograph, The instrument is calibrated with a special breath
simulator from which air equilibrated with prepared ethanol solutions at
34C is introduced into the analyzer simulating desired ethanol concentra-
tions in the blood,
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Simultaneous measurements of TBW were made using tritium
by the procedure described by Logsdon et al. (4). The subjects pre-
sented themselves for the test at 8 a.m. having refrained from food and
drink for 8 hours. They were weighed to the nearest 100 g and then
received a potion containing 0.5 g ethanol per kg body weight diluted in
150 ml of iced water with a small amount of Daquiri Mix (powder) to
make it more palatable, In addition they drank 250 sc of tritium in 10 ml
of water, all subjects receiving the same dose, The solutions were '
consumed in the course of 15 minutes. Ninety minutes after starting
the drink the first breath samples were taken. During the intervening
period a calibration curve for the ALCO-ANALYZER was established
with 0,02, 0.04, and 0, 06% ethanol by the simulator, The breath
analysee were repeated after 120, 150, 180, and 210 minutes, At each
of those intervals the subject exhaled into the machine three times about
4 minutes apart to allow the chromatograph to return to zero. The
deflections of the three measurements were averaged and plotted against
the mean time, Immediately after each sampling period the calibration
of the analyzer was checked by introducing the ethanol concentration
closest to the preceding measurement from the simulator, i.e., 0,06%
for 90!, 0,04 for 120 and 150", and 0, 02% for 180 and 210', This permit-
ted corrections for any slight changes in sensitivity during the test
period. A second complete calibration was performed after the test with
fresh calibrating solutions to account for any loss of ethanol by evaporation,
Shortly aiter three hours a venous blood sample wa. taken for tritium

determination,

Mostly on the same day or within 2 few days of the TBW measure-
ment body density was determined on each subject by the immersion
technigue {5) and fat fraction and fat free mass (FFM) caiculated accord-
ing to Keys and BroZek (2). The 10 subjects who volunteered for the
test were a random sample of members of this institution ranging in age
from 28 to 63 years (mean 38). "As it happened, 5 of these men (Group A)
were active middle- and long-disté.nce rm#ners who engaged in a fairly
regular exercise program, The other 5 {(;}foup B) were not particularly

active physically, but nevertheless in good health,
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Results and Comments:.

All results are contained in Table I for each subject individually
with mean values for all 10 below. Mean values for Groups A and B

are also shown separately.

In the comparison between the ethanol (ETH, ) and the tritium
(HTOQ) method for TBW satisfactory agreement was found, The differ-
ence between the means for TBW (liters) was 0.6 liters or 1.4%.

With two exceptions the individual differences were within 3% and the
scatter was random, indicating that there was no asystematic difference,
The correlation coefficient between TBW (ETH,) and (HTO) was r =
.830 and this was statistically significant (p <. 01), Individual values
for TBW as a fraction of body weight {Wt) ranged from ,506 to ,720

with a mean value of ,603,

Table I has been arranged in descending order of the individual's
body water fraction {TBW/Wt), and it is readily apparent that the latter
varies directly with the fat free mass as a fraction of gross weight
(FFM/Wt). Because fatty tissue contains relatively little water, TBW
is always found to correlate much better with FFM than with Wt, and
for this reason TBW has sometimes been used as a means to estimate
FFM indirectly. The correlation between TBW and FFM for our subjects
is shown in Fig., 2. The correlation coefficient r = . 864 is statistically
significant and FFM could be predicted from TBW by the regression:

FFM = 1,449TBW =~ 1,362 (3)

On the average, mean body weight was the same in Groups A
{runners) and B (non-runners), but FFM was much highef in A than in
B, because B had about 10% more fat than A, This is also clearly
reflected in the difference in TBW /Wt between the two groups, .647 for
A and ,559 for B, and this was statistically significant (p <, 01),

The body water fraction of Group B using ETH, is in good agree-
ment with mean values found by other investigators (6) for an average

population of men in the same age range. On the other hand, the values
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for TBW /Wt in our Group A are very similar to those reported by
Novak et al, {7) on different categories of trained athletes. For
instance in baseball players the body water fraction was .628 on the
average and in track men ,705. The difference hetween athletes and
non~athletes is not surprising since the major part of F¥M is muscle
tissue with a high water content. The relationship between FFM/Wt
and TBW /Wt for the 10 subjects in our study is plotted in Fig. 3. In
this manner a clear separation is obtained between the '"runners' and

"non«runners., "

Conclusions:

The results of this preliminary study with the ethanol dilution
method for total body water demonstrate that they are comparable to
those obtained with other accepted methods. Obvious advantages of the
method are its harmless and non-invasive nature and the fact that it
could be repeated at intervals of less than 6 hours if necessary, thus
making it useful for studies of rapid changes in body hydration such as
heat stress or pathological conditions involving de- or hyperhydration,
Further refinements of the method are in progress which involve greater
sensitivity of the analyzer in order to reduce the necessary initial dose
of ethanol, The amount used in this study (0.5 g/kg), although not
inebriating, was sufficient to cause light headedness and headaches in
some of the subjects, particularly since it was taken on an empty
stomach. If sufficient measuring points to establis} the decay curve
could be obtained with a dose of 0,3 g/kg ethanol, undesirable side
effects would be avoided,
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No,

by
U o N e
5

Mean

-

° L]

=
OO ~1o

Mean

Mean

Subj.

FB
JL
AP
LM
DG

15

Wt
kg
60, 4
71,7
68, 4
80.8
79.1

72.1

7.1
64,2
8.7
67.9

71.6

71.9

72,0

FFM
kg

57.3
63.3
64.4
70,8
70.2

65.2

63.7

53.4-

61.4
55,90
53.7

57.6

61.4

FEM
Wt

. 949
. 883
* 942
. 876
. 887

. 907

y
* A

.832
. 780
.823
. 750

. 802

. %55

Table 1

(ETH.)
TBW

1.

43,5
47.8
42,7
49.8
48.0

46,4
45,2
37.5
45.9
36.5
36,2

40, 3

43.3

. (HTO)

TBW
L

42,2
45.2
40.7
52.8
45,8

45,3
46,6
38.3
45,7
42,8
38,4

42.4

43.9

(ETH.} (HTO)
TBW TBW
wt Wt
LT20 .599
. 667 .630
. 624 .595
.616 .653
. 607 .579
. 647 .631
. 586 .604
.584 .597
.583 .581
.538 .630
. 506 .536
. 559 .590
. 603 .610

(ETH.)

TBW
FFEM

. 759
. 155
. 663
.703
. 684

713
.710

.T02
. 748

.653

. 674
. 697

705

{HTO}

TBW
FFM

. 736
714
.632
. 746
.652

696
.732
LTL7
. 144
.766
.T15

. 735

. 715

Wi: weight, FFM: fat free masas, TBW: total body water, ETH.: ethanol method, HTO: tritium method,

A: runners, B: non-runners.
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PART IIX

INCREASED TOTAL RESPIRATORY CONDUCTANCE BREATHING
100% Oz (FORCED OSCILLATION METHOD)

Nadel and Widdicombe (5) reported that the inhalation of an hypoxic
gas mixture (10-15% Oz in N2) produces constriction of the upper and
lower airways in anesthetized experimental animals and provided evi-
dence that this was caused by stimulation of the carotid sinus chemno-
receptors and that the motor pathways of this reflex were probably
located in the vagus nerve. Observations by Astin and Penman (1) on
patients with arterial hypoxemia due to chronic obstructive lung disease,
whose airway resistance dropped by an average 20% after breathing 30%
oxygen for 20 minutes, appear to confirm the existence of a broncho-
motor reflex induced by arterial hypoxemia in man, No change in flow
resistance was observed when 30% oxygen was administered to non-
hypoxic controls. Indirect evidence for an attenuation of bronchomotor
tone with relatively small increments in arterial Po; has accumulated
in our laboratory (Albuquerque, 5400 ft.) in studies on the distribution
of ventilation and blood flow in the lungs of chronic hypoxemia pulmonary
patients, After breathing a gas mixture of 25,5% Oy for 10-15 minutes,
which raised the arterial Py by an average 10 mm Hg, it wag found that
ventilation was more uniformly distributed than previously, breathing
air (4). The improvement in vent'lation was tentive’y attributed to
increased airway conductance, Similar observations have been reported
by Howard and Penman (2) after administering 30% oxygen to hypoxic

pulmonary patients at or near sea level,

Little attention has been given to the possibility of éhanges in airway
conductance that may occur with different concentrations of oxygen in the
cabin atmosphere of space vehicles, apart from the changes in gas density
(3). An instrument developed in this laboratory (NAS 9-.7009 Rep. 1970)
| which measures total respiratory conductance by the forced oscillation
method with a constant volume pump appea;.‘i'-ed to be most suitable for
investigating respiratory mechanics while breathing air and oxygen in
view of the possible implications for future manned space operations as
well as for clinical situations.
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Methode and Procedures:

The equipment used was identical to that described previously
{NAS 9-7009, Feb, 1970 and NAS 9-12572, Feb. 1973). The forced
oscillations are generated by a constant volume pun:p with adjustable
stroke volume (15-45. ml) and frequency (2-17 cps) and applied to the
subject's mouth. A constant bias flow (0.5 L/sec) of air or oiygen is
drawn through the system permitting the subject to breathe normally

during the test,

The subjects breathed through the mouthpiece quietly for 2.3
minutes, The frequency of the pump was then adjusted to the resonant
frequency of the subject's respiratory system by closing the flow/
pressure loop on the oscilloscope as an indication that there was no
phase difference between them, At the same time pressure and flow
were recorded against time on a Vigicorder {Honeywell) oscillograph to
measure the frequency at resonance, Total respiratory conductance
(TRC) was determined from the angle of the closed flow/pressure loop
on the oacilloscope as well as from the oscillograph record by dividing
the flow amplitude by the pressure amplitude at resonance (AV /AP =
TRC in m} x sec~! x ch—IZO“'l).

Measurements were made on 12 subjects. Eight of these had no
history of pulmonary disease and were within normal limits on routine
pulmonary function tests. Four of the subjects were patients suffering
from chronic obstructive lung disease by clinical diagnoais and pulmonary

function tests,

After recording TRC breathing air on each subject, 100% O3 was
substituted for air in the bias flow while the subject continued to breathe
through the system, In the normal subjects 6 minutes were allowed to
insure complete nitrogen washout and in the patients- 10 minutes, Then

the measurements were repeated.

Results and Comments:

The values obtained for TRC on 12 subjects while breathing air

and 100% oxygen, as mezsured by the forced oscillation method, are
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presented in Table I. Since there was no apparent difference between
the healthy subjects (nos, 1-8) and the pulmonary patients (nos, 9-12),
the data from all 12 were combined for statistical analysis, Nine out
of 12 showed an increase in TRC and 3 no change, The mean increase
in TRC was only 11%, nevertheless it was statistically significant,
These results cannot be explained on the basis of physical differences
between air and oxygen, because the latter has both a slightly higher
dengity and viscosity than the former, which would tend to reduce
apparent airway conductance rather than increase it. Our observation
that norma} subjects respond to increased oxygen pressure in the
inspirate with an improvement in airflow is in contrast to the findings
of Astin et al, (1) mentioned earlier, that individuals who were not
hypoxic (mean Pag, 99 mm Hg) did not show any change in airway
resistance measured by whole body plethysmography when breathing
30% Oz, while their patients (mean Pagpy = 70 mm Hg) did.

. No measurements of arterial Ppy were done on the patients nor
the healthy subjects in the present study. However, since the average
Pagpp in Albuquerque, according to statistice from this laboratory is
73 mm Hg, it is conceivable that all 12 of our subjects were under some
chemoreceptor stimulation from the carotid sinus and therefore re-
sponded to increased oxygen pressure with improved airﬁay conductance
a8 the patients of Astin et al. did near sea level, Witzleb et al, (6) have
shown that the action potentials racorded from the carotid sinus nerve
usually increase in frequency whenever Pag, drops below 100 mm Hg
and that this regularly appears at 80 mm Hg. This might explain why
the response in TRC was present in most of our subjects, even if they

had no respiratory impairment,

These preliminary results on the effects of oxygen on broncho-
motor tone are encouraging in as much as the method is capable of
revealing even subtle changes in respixatory-mechanics. Further
studies are indicated on a larger number of subjects breathing hypoxic
mixtures (10-15%) as well as slightly hypeioxic gas (25-30%) with con-
tinuous monitoring of alveolar (end-tidal) Poz and Pcop in an attempt
to establish the P, threshhold for the bronchomotor response.
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Table I. Total Respiratory Conductance (liter- sec"l-cmHzO"l)

Difference
No. Subj. Air 100% O Op -Air
i. UL L7120 . 788 +,068
2, GA . 466 . h44 +.078
3. ™ 554 .569 +.015
4, NC . T08 . 842 +,134
5, DK . 752 . 858 +.106
6. JL .521 . 654 +.133
7. WD .b28 785 +, 157
8. DA . 666 . 666 0
9. FH .551 616 +. 065
10, BL . 493 . 493 4]
11, FM . 820 . 898 +., 078
12, DMc . 320 . 820 0
Mean . 642 . 711 +.069

This difference between the means is statis-
tically significant (p < .01),
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