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RESPIRATORYMECHANICSDURINGFORWARDACCELERATION*

By JOHNF. WATSON,NEIL S. CHERNIACKAND FREDW. ZECHMANt
(From the Acceleration Section, Biophysics Branch, Biomedical Laboratory, Aerospace Medical

Division, Wright Air Development Division, Wright-Patterson Air Force Base, Ohio)

(Submitted for publication May 20, 1960; accepted July 28, 1960)

Tolerance to headward and footward accelera-
tions is seriously limited by cardiovascular impair-
ment. During forward acceleration, when the
subject is so oriented that the inertial effect ex-
perienced is transverse to the long axis of the
body and directed front to back, toleration is in-
creased, but substernal pain, sensation of pressure
on the chest and abdomen, dyspnea and difficulty
in inspiring (1) become the limiting factors. Vi-
tal capacity and maximal breathing capacity de-
crease while respiratory frequency and minute vol-
tume increase (2). X-rays of the thorax reveal
elevation of the diaphragm and shortening of the
anteroposterior diameter resembling forced ex-
piration (13). These changes in pulmonary phys-
iology are similar to those that have been described
during negative pressure breathing (4-7). Since
the net inertial effect of forward acceleration re-
sembles a compressive force applied to the body
while the subject continues to breath ambient air,
it seemed reasonable to assume that forward ac-
celeration simulates negative pressure breathing
in a manner analogous to breathing ambient air
while submerged under water (5, 8). In order
to test this hypothesis, measurements were made
of the pressure-volume relationships and the
changes in lung volumes occurring during forward
acceleration.

METHODS

1. Subjects. Four healthy adult males between the
ages of 23 and 30, experienced in riding the free-swinging
cab of the human centrifuge at the Biomedical Labora-
tory, were used as subjects. Measurements were ob-
tained while the subjects were lying on a nylon net seat
facing the center of rotation with the trunk perpendicular
to the inertial force, hips and knees flexed 900 and head
and back tilted forward 120 from the horizontal (Fig-
ure 1).

* Presented in part at the meeting of the American
Physiological Society and Federation, Chicago, April 13,
1960.

t Department of Physiology, Miami University, Ox-
ford, Ohio.

2. Lung volumies. Vital capacity, expiratory reserve,
inspiratory reserve and tidal air were measured at 1, 2,
3 and 4 G from a 9 L Benedict Roth recording spirometer
with the CO2 absorber in place. Residual volume at 1
and 4 G was determined by the method of Lundsgaard and
Van Slyke (9) as modified by Rahn, Fenn and Otis (10).
Residual volume at 4 G was measured by having the sub-
ject expire to his maximal end-expiratory position while
at 4 G. The centrifuge was then rapidly stopped while
the subject maintained this lung volume. The equilibra-
tion with 100 per cent oxygen required by the method
was then carried out at 1 G. The concentration of N2 in
the expired gas sample was determined by a Waters
Conley nitrogen analyzer.

The relative change in the residual air, but not its ab-
solute volume, was measured in the following manner.
At 1 G the subjects expired into a spirometer to their
maximal end-expiratory position. While still in com-
munication with the spirometer, they were then rapidly
accelerated to 4 G. Any shift in the spirometer tracing
then represented a change in residual volume.

3. Static relaxation pressure-volume curves. Lung vol-
umes were measured as above and tabulated as percentage
of vital capacity. To measure intrapulmonic pressure a
polyethylene tube 0.5 cm in diameter and 40 cm in length
was fitted into one nostril through a sponge rubber
stopper. The tube was attached to a Statham strain gage
pressure transducer and the results transcribed on a San-
born multichannel recorder. Control values at rest, or 1
G, were obtained by the subject's inspiring from the maxi-
mal end-expiratory position to a given lung volume.
Then while the subject held his breath at the desired lung
volume, the mouthpiece was removed, and with mouth
closed, glottis open and subject relaxed, intrapulmonic
pressure was recorded. Each subject furnished approxi-
mately 130 pressure readings over the entire range of his
vital capacity.

The above procedure was repeated in order to obtain
the relaxation pressure-volume curves during forward
acceleration. After a lung volume was obtained, the
mouthpiece removed and the subject relaxed, the centri-
fuge was accelerated to 2, 3 and 4 G plateaus for 2 to 3
seconds each. Intrapulmonic pressure was then recorded
for each lung volume at each G level.

In order to verify the pressure measurements obtained
at each acceleration plateau, a few measurements of in-
trapulmonic pressure were obtained by first accelerating
to the desired level and then obtaining a lung volume
and recording a pressure. No essential difference was
noted between the two methods. However, because of the
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FIG. 1. ORIENTATION OF THE SUBJECT IN THE HUMAN
CENTRIFUGE DURING FORWARDACCELERATION WITH A 120
BACK ANGLEFROMTHE HORIZONTAL.

difficulty in obtaining the curves in this manner, this
method was not used throughout. Also, since the sub-
jects could obtain larger lung volumes at 1 G than they
could while being accelerated, the first method enabled
us to extend the relaxation pressure-volume curves to
85 per cent of the 1 G vital capacity at all accelerations.

4. Dynamic pressure-volume loops. Estimation of the
total pulmonary work of breathing at 1 and 4 G was ob-
tained by measuring the areas of pressure-volume respira-
tory loops (11). Each subject was instructed to relax
while being ventilated by a Seeler paramedic resuscitator
(type XMA-4), whose line pressure and inflow resistance
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remained the same during both levels of acceleration.
Mask pressure ranged between 0 and 30 mmof Hg at 1
and 4 G. Changes in volume were measured by electrical
integration of the signal from a pneumotachygraph linear
for flow rates between 0 and 107 I. per minute. Pressure
was measured from a tight-fitting face mask by poly-
ethylene tubing connected to a Statham pressure trans-
ducer. The pressure-volume respiratory loops were re-
corded directly on an Electronics for Medicine recorder
from the integrated flow signal and the mask pressure
transducer signal. The recorder and the pneumotachy-
graph were calibrated dynamically with a constant-vol-
ume pump. The response was constant and independent
of frequency. Pressure-volume respiratory loops were
then recorded at both 1 and 4 G for all subj ects.

The areas measured to determine the work of breath-
ing at 1 and 4 G are shown in Figure 2. The total work
was divided into its elastic and non-elastic components,
and calculated by the usual method (5, 11, 12). For ex-
ample, at 1 G elastic work is represented by the area ACD
and the non-elastic work by the cross-hatched area. At
4 G, since the pressure-volume curve as shown in Figure
4 is displaced 15 mmof Hg to the right by the compres-
sive force of acceleration, additional work must be done
to overcome this force. Therefore, the origin of the
pressure-volume loop at 4 G was placed at a positive 15
mmof Hg to illustrate this additional work of breathing.
However, the recorded mask pressure at the beginning
of inspiration regardless of the acceleration was actually
zero. This is comparable with the method used by Rahn,
Otis, Chadwick and .Fenn (5) to calculate the work of
respiration during positive pressure breathing. Elastic
work is, therefore, calculated to be equal to the area
EACD, while non-elastic work remains the cross-hatched
area. Although, for simplicity, the work necessary to
overcome this compressive force is included with the total
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FIG. 2. SCHEMATIC PRESSURE-VOLUMERESPIRATORY DIAGRAMS TO ILLUSTRATE

THE AREAS MEASUREDFOR CALCULATION OF THE TOTAL WORKOF BREATHING (LUNG
AND CHESTBELLOWS) DURING CONTROL(1 G) AND ACCELERATION (4 G). The loop
at 4 G has been displaced 15 mmof Hg to the right to represent the shift of the
pressure-volume curve by acceleration. Elastic work represents the area ACD at
1 G and EACDat 4 G, while the cross-hatched areas represent non-elastic work.
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TABLE I

Changes in lung volumes during acceleration *

Accel-
eration T.L.C. V.C. E.R. I.R. Tidal R.V.

G cc Nt cc % cc % cc % cc % cc %
1 5,004 3,875 ±343 761 i 135 2,333 ± 191 781 ± 107 1,129 1 143
2 3,488 ±437 90 502 ± 128 66 2,468 183 106 518 ± 108 66
3 3,219 ±430 83 419 ± 123 55 2,282 ±258 98 518 ± 108 66
4 3,932 79 2,629 460 68 360 ±t 94 47 1,785 310 77 484± 71 62 1,303 165 116

* Mean of four subjects with SE. Abbreviations used: T.L.C. = total lung capacity; V.C. = vital capacity; E.R.
-expiratory reserve; I.R. = inspiratory reserve; R.V. = residual volume.

t Per cent of 1 Gvalue.

elastic work, it must be kept in mind that this work may
not be elastic in its true meaning.

From these pressure-volume loops, total dynamic pul-
monary compliance, i.e., the distensibility of the entire
respiratory apparatus, including lungs and chest bellows,
was measured from the slope of the line connecting points
of zero air flow.

RESULTS

1. Lung volumes. The changes in lung vol-
umes occurring during acceleration are shown in
Table I and Figure 3 along with the standard er-
rors and the percentages of the 1 G value. All
the lung volumes decrease more or less proportion-
ately (with the exception of residual volume which
shows no significant change) by either of the two
methods used.

LUNG
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FIG. 3. SCHEMATIC REPRESENTATIONOF THE CHANGES

OCCURRINGIN TOTAL LUNGCAPACITY AND ITS SUBDIVISIONS

FROMCONTROL (1 G) TO 4 G FORWARDACCELERATION.

2. Static relaxation pressure-volume relation-
ships. The weighted mean static relaxation pres-
sure-volume curves for 1, 2, 3 and 4 G are plotted
in Figure 4, with the volumes expressed as per-
centage of the 1 G vital capacity. As acceleration
increases, intrapulmonic pressure increases for a
constant volume displacing the relaxation pres-
sure-volume curve progressively downward and to
the right. The difference between each curve by
the paired t test is significant with a p < 0.01 (13).

The slopes of the relaxation pressure-volume
curves for each G appear identical. However, if
static compliance is measured from the end-ex-
piratory position at each G and over a pressure
change of 5 mmof Hg, the static total pulmonary
compliance becomes progressively smaller as ac-

ig
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FIG. 4. THE STATIC RELAXATION PRESSURE-VOLUME

CURVESDURING CONTROL (1 G), AND 2, 3 AND 4 G FOR-

WARDACCELERATION. All lung volumes were obtained at
I G (see Methods).
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TABLE II

The work of breathing and total dynamic compliance * at 1 G

Work of breathing
Dynamic

Subject Tidal Pt f Ve Elastic Non-elastic Total compliance

cc cm H20 L/min kg/m/min cc/cm HI?
J.F. 2,220 27 7 15.5 2.10 0.90 3.00 82

2,220 27 7 15.5 2.10 0.83 2.93 82
2,220 27 7 15.5 2.10 0.93 3.03 82

N.C. 2,070 30 10 20.7 3.07 0.62 3.69 70
2,210 31 10 22.1 3.37 0.55 3.92 73
2,070 30 10 20.7 3.12 0.59 3.71 70

J.W. 2,000 29 10 20.0 2.93 1.02 3.95 68
1,840 30 13 24.0 3.55 1.31 4.86 62
1,980 29 10 19.8 2.90 1.22 4.12 68

G.S. 1,880 28 13 24.0 3.38 1.01 4.39 68
1,840 28 13 24.0 3.38 0.87 4.25 67
1,900 28 13 24.7 3.47 1.50 4.97 68

Mean 2,090 29 10 20.5 3.04 0.95 3.99 72

SE i 0.65 ±0.16 ±0.09 ±0.20 i 2

* The distensibility of the entire respiratory apparatus, including lungs and chest bellows. Pt = intrapulmonic
pressure at the end of the tidal volume; f = respiratory frequency; Ve = minute ventilation.

celeration is increased, being 80 cc per cm of H2O
(2.1 per cent of vital capacity per cm of H20) at
1 G and 52 cc per cm of H2O (1.3 per cent vital
capacity per cm of H2O at 4 G). The static 1 G
total pulmonary compliance agrees roughly with
that reported by other investigators (5, 14, 15).

3. Total pulmonary work of breathing. Tidal
volume, work of breathing and total dynamic pul-

monary compliance are listed for each subject at
both 1 and 4 G in Tables II and III, respectively.

Minute ventilation was constant at both accelera-
tions. However, in order to maintain this con-

stant and continue to be adequately ventilated dur-
ing acceleration, it was found necessary to use

large tidal volumes and hence minute ventilations.
Since this resulted in abnormally high values for

TABLE III

The work of breathing and total dynamic compliance * at 4 G

Work of breathing
Dynamic

Subject Tidal Pt f Ve Elastic Non-elastic Total compliance

cc cm H20 Limin kg/m/min cc/cm H20
J.F. 1,210 29 17 20.6 5.20 1.03 6.23 42

1,280 29 17 21.8 5.55 0.84 6.39 44
1,440 29 17 24.5 6.24 0.51 6.75 49

N.C. 840 30 24 20.2 8.23 0.51 8.74 28
950 30 24 22.8 9.30 0.26 9.56 32
950 31 24 22.8 9.30 0.39 9.69 31

J.W. 1,120 31 20 22.4 7.06 1.21 8.27 36
1,120 31 20 22.4 7.06 1.13 8.19 36
1,000 31 18 18.0 5.65 0.94 6.59 33

G.S. 1,020 30 16 16.3 3.87 0.77 4.64 34
1,020 30 16 16.3 3.87 0.77 4.64 34
1,170 30 16 18.7 4.47 0.77 5.24 39

Mean 1,093 30 19 20.6 6.32 0.76 7.08 37

± 0.8 ±0.56 -±0.08 ±0.52 ±t 2

* See footnote to Table II.
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mechanical work (11), the increment of work be-
tween 1 and 4 G rather than the absolute value is
meaningful.

The total work of breathing approximately
doubled from 1 to 4 G, with the increase being
entirely in the "elastic work" component. There
was no change in non-elastic work.

The total dynamic pulmonary compliance de-
creased from 1 to 4 G. This change was highly
significant by the method of significance of differ-
ences between means (13).

DISCUSSION

It has become evident that with the accelera-
tions necessary for successful space flight, the sub-
ject must be oriented so that the inertial effect is
transverse to the long axis of the body. In this
position the anticipated rocket acceleration pat-
terns for manned space vehicles are tolerable by
humans. Indefinite tolerance to forward accelera-
tion, however, is limited by respiratory embarrass-
ment (1). It has been shown that the respiratory
defect during transverse acceleration is primarily
restrictive since the maximal breathing capacity
and 0.5 second vital capacity decrease less rapidly
than does the total vital capacity (2). It has also
been demonstrated that oxygen consumption in-
creases (16). Therefore, it appears that forward
acceleration from a mechanical aspect applies an
added load upon the muscles of respiration, de-
creasing lung volumes and increasing work with-
out evidence of bronchial obstruction. The ex-
periments reported in this paper offer further evi-
dence for this concept.

As acceleration increases, intrapulmonic pres-
sure increases for a constant lung volume. The
increase is the same for each G regardless of the
lung volume (Figure 4). This implies that while
breathing ambient air the respiratory pump is
working against an additional resistance which,
in our studies, at 4 G is equivalent to approxi-
mately 15 mmof Hg. One might describe this ac-
celerative force by saying that it effectively in-
creases the weight of the thorax and lung which in
turn compresses the volume of air within the al-
veoli. Wehave elected to term this force PGsince
it appears to be a constant for each level of acceler-
ation. Rahn and co-workers (5) analyzed the re-
laxation pressure (Pr) as the algebraic sum of
two fractions, the lung elasticity (PI) and the

chest elasticity (Pc) where the latter includes all
of the elastic or gravitational factors other than
those of the lung itself. During acceleration the
relaxation pressure at each G is greater than the
resting relaxation pressure by an amount equal
to PG.

Non-elastic work between 1 and 4 G does not
change. However, because of the additional re-
sistance to inspiration offered by forward accelera-
tion (PG), "elastic" and total work of breathing
double. The change in compliance adds only a
small fraction of this increase in "elastic" work.
In other experiments, it has been observed that
respiratory frequency increases while tidal volume
decreases during increasing forward acceleration
(16). This probably represents the optimal com-
bination for minimizing the increase in the work
of breathing (11, 17). The cause of the increased
oxygen requirement during acceleration described
by two of the authors (16) is in all probability
partly the result of this increased work.

The static total pulmonary compliance for each
G over the same volume range is the same, indi-
cating that there is no definite change in the over-
all elastic properties of the thorax and lung.
However, if the static compliance is measured
from an end-expiratory position, it progressively
diminishes with increasing acceleration. Since the
relaxation pressure-volume curves (Figure 4) are
parallel, this decrease is the result of the fall in
functional residual capacity (FRC) and pulmo-
nary mid-position (18-19). Dynamic compliance
also decreases during acceleration and probably
for the same reason. Christie (20) and others
(21, 22) have shown that compliance decreases
with increasing respiratory frequency when airway
resistance is increased. However, we have no
evidence of increased airway resistance during ac-
celeration since there is no change in non-elastic
work or timed vital capacity.

During 4 G forward acceleration the relaxation
pressure (Figure 4) even at zero lung volume is
positive. This was true regardless of the method
used. The reasons for this are obscure. It is pos-
sible that blood pools into the pulmonary circuit
upon relaxation after a forced expiration. or that
during a forced expiration under acceleration there
is air-trapping within alveoli, which is released
upon relaxation. Regardless of the cause, it im-
plies that inspiration during 4 G or greater for-
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ward acceleration is always active, regardless of
the end-expiratory position, and complete relaxa-
tion of the inspiratory muscles does not occur.

Respiratory frequency during forward accelera-
tion increases linearly at least up to 12 G (16).
Since forward acceleration resembles chest com-
pression, the increase in frequency may in part be
due to stretch or proprioceptive reflexes. Culver
and Rahn (23) have demonstrated that chest com-
pression by pneumatic cuff or Drinker respirator
results in a decrease in tidal volume and an in-
crease in respiratory frequency, both of which can
be nullified by vagal blocking.

All of the lung volumes decrease proportion-
ately during forward acceleration, with the excep-
tion of residual volume. The largest percentage
of reduction is in the expiratory reserve volume.
This implies a downward shift of the mid-pulmo-
nary position, and a decrease in the FRC. Agos-
toni, Thimm and Fenn (24) considered the FRC
as a buffer zone for maintenance of alveolar com-
position. They demonstrated that as the FRCde-
creased, respiratory frequency increased, main-
taining within small limits changes in the com-
position of alveolar air. This relationship between
respiratory frequency and FRC is evident during
forward acceleration (16) and would theoreti-
cally minimize fluctuations in alveolar gas com-
position and rate of work.

Residual volume between 1 and 4 G does not
significantly change. This is surprising, since
it was expected that during forward acceleration
residual volume would decrease as the result of
thoracic compression and increase in pulmonary
blood volume. Changes in residual volume sec-
ondary to shifts in pulmonary blood volume have
been demonstrated by Fowler, Guillet and Rahn
(7) using continuous positive or negative pres-
sure breathing in a Drinker respirator. However,
these changes were small, and the degree of nega-
tive pressure breathing that produced a signifi-
cant change far exceeded that which would be
equivalent to 4 G acceleration. During accelera-
tion, residual volume becomes a larger percentage
of total lung capacity. Whether or not this in-
creased ratio is significant enough to be a factor
in altering gas exchange remains to be evaluated.
This pattern of lung volumes is the same as that
seen in other situations of thoracic constriction
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FIG. 5. PRESSURE-VOLUMEDIAGRAM OF THE CHEST DUR-

ING INCREASING FORWARDACCELERATION.

such as kyphoscoliosis and after encasing the
thorax of a normal individual in a restricting
corset (25, 26).

The result described here support the hypothesis
that mechanically forward acceleration resembles
negative pressure breathing. This may be clari-
fied if all the existing information is combined in
one diagram, using as a model the pressure-volume
diagram of the chest described by Rahn and associ-
ates (5). They constructed the diagram from in-
formation obtained in relaxation pressure-volume
curves, and lung volume changes as the result of
negative and positive pressure breathing. We
can construct a similar diagram (Figure 5) using
the same information by assuming that PG at
various accelerations is equivalent to a pressure
applied to the body in a manner analogous to the
pressure applied to the body by a Drinker res-
pirator during negative pressure breathing.
Therefore, we can place the 4 G lung volumes at
a negative 15 mmof Hg, and the 1, 2 and 3 G lung
volumes at their respective pressures.

It is not meant to imply that all the abnormali-
ties occurring in respiratory physiology during
forward acceleration are the result of negative
pressure breathing, as inequalities of perfusion,
diffusion and ventilation may be present. How-
ever, this study provides a basis for the concept
that positive pressure breathing may reverse the
abnormalities of respiratory mechanics and in-
crease the tolerance to forward acceleration.
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SUMMARY

The respiratory mechanics of forward accelera-
tion were studied in four normal subjects. All
of the lung volumes decreased proportionately
with the exception of residual volume which be-
came a larger fraction of the total lung capacity.
The resting mid-pulmonary position decreased.
As acceleration increased, intrapulmonic pressure

increased for a constant volume, shifting the re-

laxation pressure-volume curve downward and
to the right. Static and dynamic total pulmonary
compliances decreased as a result of the decrease
in functional residual capacity. Elastic work ap-

proximately doubled due to the work necessary
to overcome acceleration resistance (PG). Non-
elastic work did not change. Inspiration during
4 G acceleration was always active regardless of
the end-expiratory position.

It is suggested that respiratory mechanics dur-
ing forward acceleration and negative pressure

breathing are similar.
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