JOURNAL OF APPLIED PHYSIOLOGY
Vol. 40, No. 6, June 1976. Printed in U.S.A.

Trapped air in ventilated excised rat lungs

DAVID G. FRAZER AND KENNETH C. WEBER

Department of Physiology and Biophysics, West Virginia University Medical Center,
Morgantown 26506; and Appalachian Laboratory for Occupational Respiratory Diseases,
National Institute for Occupational Safety and Health, Center for Disease Control,

U.S. Public Health Service, Morgantown, West Virginia 26505

Frazer, Davip G., AND KENNETH C. WEBER. Trapped air
in ventilated excised rat lungs. J. Appl. Physiol. 40(6): 915-
922. 1976.— Degassed excised rat lungs were ventilated in a
water-filled plethysmograph with the carina as the zero pres-
sure reference. Pressure-volume curves were recorded from a
minimum transpulmonary pressure (P,;,) of —5 cmH,0 to a
maximum pressure (P,,,,) of 30 cmH,0. An index of the mini-
mum volume for the lung (V) divided by the maximum lung
volume for the same cycle (V,,,,) was used as an index of the
amount of air trapped within the lung. As the flow rate was
decreased from 38.2 to 1.9 ml/min, there were significant
increases in the amount of air trapped in the lung. As the
maximum pressure was decreased to 25 and 20 cmH,0, or the
minimum pressure was increased to 6 and 11 ¢cmH,0, the
amount of trapped air in the lung significantly decreased. The
rate of lung inflation had a much greater influence on the
amount of trapped air than either the deflation rate or stress
relaxation. The results are consistent with the theory that
bubbles are formed during inflation and are the main cause of
air trapped in the excised lung.

lung pressure-volume curves; ventilation rates in excised
lungs; bubble formation in lungs

INVESTIGATORS STUDYING EXCISED LUNGS have recently
shown evidence (4, 5, 9) that perfused and unperfused
excised lungs continually accumulate trapped air as
they are being ventilated. This is illustrated by the fact
that pressure-volume (PL-VL) curves do not form closed
paths at zero or even negative transpulmonary pres-
sures. Following continued ventilation at slow or inter-
mittent rates, bubbles exuded from the airways (4, 5, 15,
16). It has been proposed that these bubbles are respon-
sible for trapping air in the lung by obstructing the
airways (16).

One purpose of this study was to examine how speci-
fied variables affected the amount of trapped air in the
lung as 10 consecutive inflation-deflation curves were
recorded. These variables were 1) the maximum and
minimum pressure achieved during a cycle and 2) the
inflation-deflation rate of the cycle. Another purpose of
the study was to determine whether the air becomes
trapped in the lung during inflation or deflation.

METHODS

Long-Evans hooded male rats weighing between 250
and 300 g were anesthetized with sodium pentobarbital
(50 mg/kg) given intraperitoneally. Following a trache-

otomy, the animals were ventilated for 10-15 min with
100% O, using a Harvard Apparatus (model 665) posi-
tive-pressure respirator. While the lungs were being
ventilated, an open bilateral pneumothorax was
achieved by opening the abdominal cavity and section-
ing the diaphragm. At the end of the first deflation
following oxygen washout, the trachea was clamped and
oxygen remaining in the lungs was removed by the
blood (2). When the lungs appeared atelectatic, they
were quickly removed by cutting the rib cage on both
sides of the midline and removing the heart and lungs
simultaneously.

Approximately 15 min elapsed between removing the
lungs and beginning an experiment as the lungs were
weighed and placed upside down in chamber C(A)
shown in Fig. 1, and the chamber was filled with saline.
Figure 1 also shows that the trachea was always open to
ambient pressure and that the carina was chosen as the
zero transpulmonary pressure reference. As the liquid
(normal saline) was removed from the chamber with a
syringe pump (Harvard model 9014), the pressure sur-
rounding the lungs decreased and the lungs inflated.
Deflation was achieved by pumping the saline back into
the chamber. Volume was measured with a linear mo-
tion potentiometer attached to the plunger of the sy-
ringe; pressure was detected with a capacitance type
transducer (Serta model 2334). Transpulmonary pres-
sure (PL) and volume (VL) were plotted on an X-Y
recorder.

Initially, control pressure-volume curves were re-
corded for each set of lungs. A control curve was defined
as 10 inflation-deflation cycles recorded between a mini-
mum transpulmonary pressure (P,,;,) of —5 cmH,0 and
a maximum transpulmonary pressure (P,,) of 30
cmH,O at an inflation-deflation rate of 3.82 ml/min.

To measure the amount of trapped air in the lung
during a given number of inflation-deflation cycles, a
variable was defined as V,,/ V.. The minimum volume
of the lung (V) following a particular cycle was mea-
sured at —5 cmH,0; V,,,, was the maximum lung vol-
ume during that same cycle. The ratio V,, divided by
Vmax then equaled the normalized minimum volume of
the lung and represented the accumulated amount of
trapped air within the lung after a particular cycle.

A liquid-filled plethysmograph was found to be more
advantageous than an air-filled plethysmograph of
equal dimensions because the former has greater sensi-
tivity and temperature stability. This was an important
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FIG. 1. Schematic diagram of the experimental apparatus for re-
cording rat lung pressure-volume curves. Zero pressure reference
was adjusted to correspond to the level of the carina. VA stands for
valves or stopcocks.

consideration since some experiments required that the
lungs remain in the plethysmograph for time periods of
up to 2 h. A third asset of the liquid-filled plethysmo-
graph was that even minute leaks could be easily de-
tected as bubbles rising from the lung surface.

There were two disadvantages associated with the
liquid-filled plethysmograph; namely, the lung could
easily gain or lose water from its liquid environment
and a pressure gradient existed between the base and
apex of the lung. It has been shown that immersion of
lungs in either hypotonic or hypertonic saline can alter
their pressure-volume curves while immersion in nor-
mal saline does not affect the curves (4). To determine
whether excised rat lungs lost or gained weight (water)
as they were ventilated in the liquid-filled plethysmo-
graph, the dry/wet weight ratios of 10 lungs were mea-
sured upon completion of control curves. These ratios
were compared with the dry/wet weight ratios of 10
lungs measured immediately after they had been ex-
cised.

There was a range of transpulmonary pressures along
the lung pleura from apex to base because the lung was
immersed in a liquid. Since the distance from apex to
base never exceeded 5 cm, the transpulmonary pressure
difference between the lower and upper extremities of
the lung was always less than 5 emH,0. To find if the
liquid gradient influenced the amount of trapped air in
the lungs, five lungs were ventilated in an air-filled
plethysmograph in the same manner as controls had
been ventilated in the liquid-filled plethysmograph.

Linearity and hysteresis of the measuring system
were experimentally determined. The tracheal cannula
at the base of the plethysmograph was clamped and an
air-filled tube was inserted through the top of chamber
C(A) until it was within 2 cm of the base. The top of the
tube was open to the atmosphere through a cannula
having the same dimensions as the tracheal cannula.
As water was withdrawn from or infused into chamber
C(A) by the syringe pump, the level of water moved
vertically in the tube. In this configuration inflation
and deflation curves for the tube should have been
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identical. Equipment linearity was determined by ana-
lyzing the difference between the recorded curve and the
known straight line curve for the tube. Hysteresis was
determined from the differences between the inflation
and deflation curves (6).

Long-term stability of the system was necessary since
lungs sometimes remained in the plethysmograph for
extended time periods. System stability was established
by ventilating a finger cot for 20 inflation-deflation cy-
cles at 3.82 ml/min and —5 to +30 cmH,O transmural
pressures and determining how repeatable the finger
cot’s pressure-volume characteristics were with time. To
discover how lung properties changed with time, four
successive sets of control PL-VL curves were recorded for
three individual lungs. These lungs were completely
degassed in a vacuum chamber between each set of
curves and V,,/V,.. was calculated for each cycle.

Following a control curve for each lung, the lung was
normally degassed in a vacuum jar to assure the same
volume history (3, 14) and one of five experiments was
completed. Atelectasis produced by O, washout ap-
peared visually to be more complete than when using
the vacuum chamber; therefore, during the initial cycle
in each experiment V_,, was examined to ensure that
the lungs had been degassed and reinflated properly. If
differences in V., were not less than 0.5 ml, the vac-
uum degassing procedure was repeated. The five types
of experiments that were performed in this investiga-
tion following the control curves were 1) finding how
limiting the maximum pressure per cycle affects the
manner in which the normalized volume of the lung
increases; 2) determining the effects of increasing the
minimum pressure per cycle on the accumulation of
trapped air in the lungs; 3) finding how the flow rate
used to ventilate the lungs alters the manner in which
the volume of trapped air increases; 4) examining
whether either inflation or deflation rate is the most
important factor to consider when predicting or control-
ling the amount of trapped air in the lung; and 5)
determining if the viscoelastic interaction between lung
inflation and deflation or ventilatory sequence whose
rates of inflation and deflation are varied from cycle to
cycle affects the accumulation of trapped air in the
lungs.

RESULTS

A typical PL-VL control curve recorded for 10 consecu-
tive inflation-deflation cycles is given in Fig. 2. When
the normalized minimum volume was plotted for 30

P_ (ecm H»0)

FIG. 2. A typical control pressure-volume curve recorded during
10 consecutive inflation-deflation cycles. Curve illustrates how
trapped air accumulates in the lung following successive cycles.
Inflation-deflation rate was 3.82 ml/min.
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control lungs, the results in Fig. 3 were obtained. The
mean value and standard error of the mean for each
measurement are indicated. Air accumulated most rap-
idly in the lung during the initial cycles approaching
approximately 60% of maximum lung volume after ten
cycles.

The dry/wet weight ratios of 10 rat lungs measured
immediately after they had been removed from the rats
were 0.199 = 0.005 SEM. When these lungs were com-
pared with other lungs that had been in the liquid-filled
plethysmograph whose average dry/wet weight ratio
was 0.202 = 0.006 SEM (N = 30) there was no significant
difference.

Air was trapped in the lung whether the lung was
ventilated in a liquid or air-filled plethysmograph (Fig.
4A). Actually slightly more air was trapped with each
cycle in the air-filled plethysmograph. Trapped air accu-
mulated in the lungs (Fig. 4B) when four successive
control curves were recorded for the same lung. Al-
though the standard error is small when recording
curves under similar conditions for the same lung, it
was noted that the lungs appeared to trap slightly more
air per cycle in succeeding experiments.

System linearity and hysteresis were examined by
comparing the theoretical straight line pressure-volume
curve of a water-filled glass tube with a recorded pres-
sure-volume curve of the tube. Results in Fig. 54 show
that the total error due to the hysteresis and nonlineari-
ties of the system never exceeded 0.5 ¢cmH,O at the
maximum inflation-deflation rate used in this study,
38.2 ml/min. In general, a synthetic rubber balloon can
exhibit both plastic (nonrecoverable) and elastic (re-
coverable) deformation when it is inflated and deflated
over a large pressure range (8). When using the finger
cot to determine the stability of a ventilation system,
care had to be taken so that the finger cot was not
overstretched and that it behaved as a perfectly elastic
body. When the finger cot was ventilated under purely
elastic conditions in place of the lungs at a rate of 3.82
ml/min, there was no difference between its 1st and 20th
P-V curves (Fig. 5B) indicating that the measuring
system remained stable over a period of at least 2 h.

To determine the effects of limiting the maximum
pressure achieved per cycle, P,,, on the normalized
minimum volume, the inflation-deflation rate was kept
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F1G. 3. Normalized minimum volume (V,,/V,,,,) for control lungs
measured at a transpulmonary pressure of —5 emH,0. Standard

error for individual measurements is giv
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at 3.82 ml/min. Following an initial cycle to 30 cmH,0O
to ensure that the lung had opened completely, P, was
reduced to either 25 or 20 ecmH,O for 9 consecutive
cycles. Under these conditions the total amount of air
trapped during the initial cycle was large compared to
following cycles. To ensure that the air trapped during
the first cycle did not bias the results; therefore, the
volume of the lungs following the initial cycle was con-
sidered to be zero when calculating the normalized vol-
ume for cycles 2-10 in Fig. 6. As P, decreased, V,,/
Voaax also decreased dropping to approximately one-
third of the control value as P,,, decreased from 30 to 20
c¢cmH,0.

Effects of increasing the minimum pressure per cycle,
P.i., were examined next. Following an initial control
cycle, P, was increased from —5 cmH,O to either +1,
+6, or +11 emH,0O for 9 cycles, then returned to -5
cmH,0 on the 10th cycle. Since the normalized mini-
mum volume, by definition, could only be measured at
—5 ecmH,0, it was determined only for the 1st and 10th
cycles (Fig. 7). When the minimum pressure was held at
+1 ¢cmH,0, the normalized amount of trapped air con-
tained in the lungs after 10 inflation-deflation cycles
was the same as for controls. As the minimum pressure
was increased to +6 or +11 c¢cmH,O, however, the
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FIG. 4. A: normalized minimum volume for lungs ventilated in an
air or liquid-filled plethysmograph. Inflation-deflation rates in both
cases was 3.82 ml/min. When the same lung was ventilated under
control conditions for four consecutive experiments it typically ex-
hibited the consistent increase in normalized minimum volume as
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FIG. 5. A: linearity and hysteresis
of the system which are determined by
using a glass tube in place of the lungs.
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154 B in the measuring system (6). B: stabil-
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tion-deflation cycles were recorded for
a finger cot at a flow rate of 3.82 ml/
1o min.
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FIG. 6. Normalized minimum volume for controls (P,,, = 30 cm
H,0), and for the cases where P,,,, was reduced to 25 or 20 cmH,0.
During initial cycle in each experiment the lung was inflated until
transpulmonary pressure reached 30 cmH,0. For purposes of com-
parison, lung volume following the initial cycle was used as the zero
volume reference for all three curves.

amount of trapped air in the lungs was significantly less
than controls (P < 0.05) and represented a decrease in
trapped air of approximately one-third.
Pressure-volume curves showing the results of venti-
lating the lungs at different rates are given in Fig. 8.
The curve in Fig. 84 was recorded at a flow rate of 38.2
ml/min, in B the rate was 7.4 ml/min, and in C the rate
was 1.91 ml/min. Both the maximum volume of the lung
during a cycle and the amount of air trapped per cycle
increased as the flow rate decreased. When the normal-
ized minimum volume was plotted for the three rates

CYCLE NUMBER

FIG. 7. Changes in the normalized minimum volume as the mini-
mum pressure was increased from —5 cmH,0 (control) to +1, +6, or
+11 ¢emH,0.

shown in Fig. 8 plus two others, 15.7 and 3.82 ml/min,
the results in Fig. 9A were obtained. The normalized
minimum volume was significantly different (P < 0.05)
for all curves after 10 inflation-deflation cycles. Plotting
Viu/Vinax versus flow rate for individual cycles resulted
in the curves shown in Fig. 9B. As the inflation-defla-
tion rate decreased, the normalized minimum volume
for a given cycle increased. Using these curves it is
possible to predict by interpolation the amount of air
trapped in the lungs after individual cycles as the lung
is ventilated at rates other than those used in this
experiment.

As shown in Figs. 8 and 9, the mechanism responsible
for the trapped air within the lungs is flow rate sensi-
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FIG. 8. Pressure-volume curves recorded for the same lung while
ventilated at inflation-deflation rates of 38.2 ml/min (4), 7.64 ml/
min (B), and 1.91 ml/min (C).

tive. To further investigate this phenomenon three
lungs underwent two different series of ventilation cy-
cles after their control PL-VL characteristic had been
recorded. After the control series, the lung was degassed
in the vacuum jar before it was inflated to P, at the
fastest rate, 38.2 ml/min, and deflated to P, at the
slowest rate, 1.91 ml/min, for 10 continuous cycles (Fig.
10A). During the 2nd series the inflation and deflation
rates were interchanged and the lung was inflated at
1.91 ml/min and deflated at 38.2 ml/min for 10 cycles
again starting from the atelectatic state; the results
differed as shown in Fig. 10B. Plotting V,,/V,... for each
of the sequences plus their own controls resulted in the
curves given in Fig. 11. These curves together with Fig.
9A show that as the lungs were inflated rapidly and
deflated slowly or rapidly, there was much less air
trapped than when the lungs were inflated slowly and
deflated slowly or rapidly.

Figure 8, A and C, shows that V,,,, was greater when
the lungs had been inflated at 1.91 ml/min than when
they were inflated at 38.2 ml/min. In the following
experiment lungs were inflated at various rates to the
same V.. to confirm that inflation rate and not a larger
Viax Was the reason for increased trapped air at slow
rates. Also, the lung surface possesses a large time-
dependent quality at V. which results in a dynamic
interaction between inflation and deflation (7, 10). To
show that this interaction was not directly involved in
trapping air within the lung and to separate the infla-
tion and deflation portions of the PL-VL cycle, a stress
adaptation period was observed at V,,,, in some cycles.
To determine if the order in which the experiments were
performed was important, two different sequences for
each lung were followed. A control curve was initially
recorded to assure that the lung opened properly and
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FIG. 9. A: normalized minimum volume of a lung following each
cycle for different inflation-deflation rates. B: normalized minimum
volume of the lung following 1st, 3rd, 6th, and 10th cycles illustrat-
ing how flow rate influences the accumulation of trapped air in the
lung.

15
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FIG. 10. Alterations of lung’s pressure-volume characteristics re-
sulting from inflating the lung at one speed and then at another
speed. In A, lungs were inflated at 38.2 ml/min and deflated at 1.91
ml/min. In B, inflation occurred at 1.91 ml/min and deflation took
place at 38.2 ml/min.
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had no leaks, then the lungs were degassed in a vacuum
chamber. In the first experimental sequence (Fig. 124)
the lung was initially inflated and deflated at 3.82 ml/
min between a P, of —5 ecmH,0 and P,,,, of 30 cmH,O.
The lung was inflated and deflated at 38.2 ml/min for
the second cycle, and the maximum lung volume (V)
corresponding to P, equal to 30 cmH,O for that cycle
was noted. The third cycle was performed at the same
rates as the second cycle but V1. was limited to V,,,. and
held at that volume for a 10-min stress adaptation pe-
riod between inflation and deflation. During the fourth
cycle the lung was again inflated to V., at a rate of
38.2 ml/min and held there for a second 10-min adapta-
tion period before it was deflated at a rate of 1.91 ml/
min. On the fifth inflation the rate was kept at 1.91 ml/
min until V,,,. was reached (this was always below 30
cmH,0), and the lung volume was again maintained
constant for another 10 min before deflating at the rate
of 38.2 ml/min. The last cycle was performed at an
inflation and deflation rate of 1.91 ml/min and had no
relaxation period.

After the above inflation-deflation sequence was con-
cluded, each lung was again degassed and the second
sequence was begun (Fig. 12B). The initial two cycles
were performed in the same manner as those of the
preceding sequence. The maximum volume during the
second cycle was also noted (V). Then the lung was
inflated again until V,,,..» was reached but at a rate of
1.91 ml/min. It was held at that volume for a 10-min
adaptation period before deflation occurred at 38.2 ml/
min. The lung was then inflated a fourth time at 38.2
ml/min (V,, ), held for 10 min, and deflated at 1.91 ml/
min. During the fifth cycle the lung was inflated at 38.2
ml/min and held at V..« for 10 min before it was
deflated at the same rate. The sixth and last cycle was
the same as it had been for the previous sequence and
had an inflation-deflation rate of 1.91 ml/min.

The results of this experiment for both sequences are
given in Fig. 13. The solid line represents the average
measured values for three lungs of V_/V,,,, following
each cycle while the two values represented by the open
(inflation rate) and crosshatch (deflation rate) areas are

INFLATION RATE = 19icc/min
DEFLATION RATE =38 2cc/min

Vm
Vmax

INFLATION RATE =382cc/min
DEFLATION RATE =1.9lcc/min

- T T T T T T T

™
| 2 3 4 5 6 7 8 9 10
CYCLE NUMBER

FIG. 11. Normalized minimum volume of lungs initially inflated
and deflated at the control rate (3.82 ml/min) and then either in-
flated rapidly and deflated slowly as in Fig. 10A or inflated slowly
and deflated rapidly as in Fig. 10B.
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FIG. 12. Both PL-VL diagrams were recorded for the same lung as
it was ventilated during two different inflation-deflation sequences.
A 10-min stress-adaptation period was observed during the 3rd, 4th,
and 5th cycles to separate possible viscoelastic interactions between
inflation and deflation. V,,,, was kept constant for cycles 2-5. Pres-
sure-volume sequence in A was as follows

Cycle Infl Rate, ml/min Defl Rate, ml/min
1 3.82 3.82
2 38.20 38.20
3 38.20 38.20
4 38.20 1.91
5 1.91 38.20
6 1.91 1.91

B: pressure-volume sequence composed of following cycles

Cycle Infl Rate, ml/min Defl Rate, ml/min
1 3.82 3.82
2 38.20 38.20
3 1.91 38.20
4 38.20 1.91
5 38.20 38.20
6 1.91 1.91
6{A
s Ne3
44 A
Ven 3 / Vmax
Vmax 5] /
. Y
T a0

| 2 3 4 5 €
CYCLE NUMBER

CYCLE NUMBER

ASSUMING AIR ASSUMING AIR
TRAPPED DURING

% TRAPPED DURING
INFLATION —>

)< DEFLATION
BASED ON CONTROL CURVES

PREDICTION I% PREDICTION

FIG. 13. Normalized minimum volume for lungs ventilated as
shown in Fig. 12A are shown in A and for Fig. 12B. Using Fig. 9A
and the minimum volume prior to a cycle, a predicted increase in
the normalized minimum volume could be made by either assuming
that all the air was trapped during inflation or deflation. These
predictions are represented by the rectangles shown for each cycle.

estimated values. The estimated values were based on
the following assumptions: 1) the amount of air trapped
per cycle is either a function of inflation rate or deflation
rate; 2) the amount of air trapped in any given cycle
depended on V,/V,.. following the previous cycle; 3)
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Fig. 9A can be represented by a continuous line through
the given points including zero; 4) the 38.2 ml/min curve
can be linearly extrapolated to a large number of cycles.
Consider as an example how the amount of air trapped
in a lung was predicted during the third cycle of the
second sequence. During that cycle the lung was in-
flated at 1.91 ml/min and deflated at 38.2 ml/min. Prior
to the third cycle the actual value of V,,/V,,., was 0.133.
When it was assumed that all the air trapped was a
function of the chosen deflation rate, the 38.2 ml/min
curve in Fig. 94 was linearly extrapolated to predict
that V,,/V,,., should increase from 0.133 to 1.39 during
the third cycle. On the other hand, when it was assumed
that the air trapped was a function of inflation rate, the
1.91 ml/min rate curve showed that V,/V,.. should
increase from 0.133 to 0.395 during the third cycle. The
actual measured increase in V,/V,,,. for that lung dur-
ing the third cycle was from 0.133 to 0.347.

The combined predicted values indicate that the man-
ner in which most air is trapped in the lungs is con-
trolled by the inflation rate and is only minimally influ-
enced by the maximum volume per cycle, a stress adap-
tation period at V,,,, or the deflation rate. It also ap-
pears that the accumulation of trapped air is purely an
additive process since the amount of trapped air cannot
be reduced by having a cycle with a rapid inflation rate
follow a cycle with a slow inflation rate.

DISCUSSION

The liquid-filled plethysmograph used in this study
has been shown to be linear and to give reproducible
results over at least a 2-h period. The temperature
stability of this plethysmograph is much greater than
that of an air-filled plethysmograph. For example, if it
1s assumed that the heart and lungs at a temperature of
39°C are placed in saline at 25°C and all the heat that
leaves the tissue enters the saline, the calculated maxi-
mum error in the volume measurement for the saline-
filled plethysmograph is less than 0.05 ml. This value is
more than 100 times less than the calculated volume
correction for an air-filled plethysmograph of equal di-
mensions.

The manner in which normalized minimum volume
increased during 10 continuous inflation-deflation cy-
cles under control conditions was very reproducible as
the small standard error in Fig. 3 indicates. Approxi-
mately 75% of the PL-VL curves recorded under control
conditions showed that V,,,, during the initial cycle was
greater than in succeeding cycles (Fig. 2). This unex-
plained observation does not appear to be associated
with the recording system but with the lung itself as it
is ventilated in a liquid-filled plethysmograph. This
conclusion is based on the facts that the system has a
high degree of thermal stability and that the same
observation of V. being greatest during the initial
cycle can be made during repeated experiments with the
same lung. Since V., varied slightly during repeated
cycles, the ratio V,,/V, ... was calculated for each cycle
using the V,, and V,,,, for that cycle.

There was no significant difference between the dry/
wet weight ratios of freshly excised lungs and lungs
removed from the saline-filled plethysmograph follow-
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ing an experiment. Possible effects of hydration or dehy-
dration on lungs ventilated in the liquid-filled plethys-
mograph should, therefore, be minimal (4). Comparison
of lungs ventilated under the defined control conditions
in both an air and a liquid-filled plethysmograph indi-
cate that the pressure gradient in the liquid-filled ple-
thysmograph should not appreciably affect the air trap-
ping mechanism.

The maximum pressure per cycle, the minimum per
cycle, and the inflation-deflation rate all affect the
amount of air trapped in the lung during a ventilatory
cycle. It was shown as early as 1952 that increased
expansion of the lung contributes to increased amounts
of air trapped in the lung (13). Our study confirmed that
when the quantity of trapped air per cycle is normalized
with respect to maximum lung volume and the maxi-
mum pressure achieved per cycle is increased, there is a
significant increase in the normalized amount of
trapped air after ten cycles.

When the transpulmonary pressure, measured at the
carina, was kept at 6.0 emH,O, it was never less than
0.0 cmH,O0 in any region of the lung, and airway closure
would not be expected to occur (1, 11, 12, 17). It was
found experimentally that the normalized amount of
trapped air in the lung following ten successive ventila-
tion cycles was nearly 60% greater when the airways
were allowed to close, i.e., when the transpulmonary
pressure was 0.0 cmH,0 or less. This evidence indicates
that the closing or subsequent opening of airways
makes a significant contribution to the amount of air
trapped in the excised lung.

It was also found that following 10 continuous infla-
tion-deflation cycles the amount of air trapped in the
lungs was inversely related to the rate at which the
lungs were ventilated. Since it has been shown that the
amount of air trapped during an inflation-deflation cy-
cle was a function of ventilation rate, the mechanism
responsible for trapping the air must also be rate sensi-
tive. Consequently, this property of the mechanism was
used to determine whether air was trapped during the
inflation or the deflation phase of the cycle. When the
lungs were inflated rapidly (38.2 ml/min) and deflated
20 times slower (1.91 ml/min) for 10 continuous PL-VL
cycles, little air remained in the lungs compared to
when the lungs were inflated slowly and deflated
slowly. This result indicated that when the lungs were
inflated slowly and deflated either rapidly or slowly, a
relatively larger quantity of trapped air remained in the
lungs. Thus, inflation rate and not deflation rate ap-
pears to be the most important factor in determining the
amount of air trapped in the lungs following a particu-
lar cycle.

Two special inflation-deflation sequences were per-
formed to determine how V,,,, and the viscoelastic in-
teraction between inflation and deflation affected the
amount of air trapped in the lungs per cycle. Assuming
that most air was trapped during either inflation or
deflation, two predicted values of V,/V,..« were made
based on the standard rate curves of Fig. 94 and were
then compared with the experimental results of the first
and second sequences. In both cases it was found that
inflation rate was much more important than deflation
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rate in determining the amount of air trapped in the
lung.

Another property of the air trapping mechanism is
that it is reversible. Air that has been trapped can be
removed from the lung in vivo with the oxygen washout
procedure or in vitro by degassing the lung in a vacuum
chamber. When the lung is completely degassed be-
tween each series of ventilation cycles, the second,
third, and fourth series of 10 PL-VL curves for the same
lung are similar to the control curves.

It has been known for some time that bubbles having
surface-active properties are generated in excised lungs
as the lungs are ventilated. Our findings are consistent
with that observation if it is assumed not only that the
bubbles participate in trapping air within the lungs but
also that the bubbles are formed during lung inflation.
Considering Macklem’s analysis of a meniscus across an
airway (12), it seems feasible that a bubble could easily
be formed in an airway or alveolar opening in the same
manner as a bubble formed with a bubble pipe. At
slower inflation rates larger and more numerous bub-
bles are formed while at faster inflation rates the menis-
cus has a greater tendency to rupture resulting in fewer
and smaller bubbles being formed.

If bubbles are generated in the lungs during inflation,
air could become trapped in one of at least three ways.
First, the bubbles could be generated upon inflation and
partially occlude the airways resulting in their prema-
ture “closing” during lung deflation. This would be com-
patible with Faridy and Permutt’s theory (5). Second, it
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