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Background: Acute laryngospasm sufficient to cause obstructive apnea is a medical emergency that can be difficult to
manage within the very short time available for establishing an airway. We have presented substantial evidence that
laryngospasm-based obstructive apnea is the cause of sudden death in epilepsy, and airway management is particularly chal-
lenging during seizure activity.

Objective: We sought to determine if the transtracheal delivery of a bolus of oxygen or room air below the level of an
obstruction to inflate the lungs could be an effective method to prolong the time available for responders seeking to establish
a stable airway, and, if so, what could be learned about optimization of delivery parameters from a rat model.

Methods: Rats were fitted with a t-shaped tracheal tube for controlling access to air and for measuring airway pres-
sures. After respiratory arrest from simulated laryngospasm, bolus transtracheal lung inflation with a volume of gas equiva-
lent to half the vital capacity was delivered to the closed respiratory system as the only resuscitation step.

Results: Bolus lung inflation was sufficient for resuscitation, improving cardiac function and re-establishing adequate
oxygen status to support life. Inflation steps could be repeated and survival times were approximately 3 times that of non-
inflated lungs.

Conclusion: The properties and consequences of bolus lung inflation are described as a foundation for procedures or
devices that can be useful in cases of severe laryngospasm and other cases of upper airway obstruction.
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INTRODUCTION
Apnea from acute airway obstruction is a medical

emergency that can be difficult to manage depending on
the nature of the obstruction and the short time between
occlusion onset and cardiac arrest. Laryngospasm has
been suspected during seizure activity in patients based
on stridor or intensive inspiratory effort1 and postictal

observations of the airway. (eg, when attempting to place
an endotracheal tube).2

We have demonstrated in a rat model that seizure
activity induces laryngospasm and that laryngospasm
can be sufficient to cause obstructive apnea, rapid desa-
turation, and death.3 The hypoxemia and decreased car-
diac output during obstructive apnea cause the seizure
to abort, but the laryngospasm can persist beyond the
termination of the seizure to the point of respiratory
arrest, followed ultimately by cardiac arrest.3,4 The pro-
found forces of vocal fold contractions during seizure-
induced laryngospasm were demonstrated by: 1) direct
visualization of an active vocal fold crossing the midline
when it was unopposed by a paralyzed vocal fold, and 2)
the complete absence of their usual abduction during
attempts to gasp in the presence of an obstructed air-
way.3 The MORTality in Epilepsy Monitoring Unit Study
(MORTEMUS) study identified a consistent sequence of
events in epilepsy patients beginning with a generalized
tonic clonic seizure and ending in death, including the
presence of our biomarkers indicating obstructive
apnea.5

The age-old emergency response teaching in manag-
ing the airway of a patient that has a generalized tonic
clonic seizure is to allow the seizure to terminate on its
own prior to any interventions. The rationale has always
been for the protection of the responder and the patient,
either of whom could sustain injury in trying to manipu-
late the oral cavity of a patient having a generalized
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seizure.6 Obstructive apnea due to seizure-induced lar-
yngospasm will result in agonal gasp attempts, which
can mimic convulsive movements or successful breaths.
Eventually, the degree of laryngospasm will diminish as
the seizure abates and will permit lung inflation by bag
valve mask (based on animal experiments where these
events are directly observed3 and the resuscitation expe-
rience reported in the MORTEMUS study5. By waiting
so long, however, the patient is put a much greater risk
of lasting damage from extended hypoxia.

We hypothesized that transtracheal delivery of a
single bolus of oxygen or room air below the level of an
obstruction to inflate the lungs could be an effective
method to prolong the time available for responders
seeking to establish a stable airway. Here we report on
an approach involving the transtracheal delivery of a
bolus of oxygen or room air below the level of an obstruc-
tion to inflate the lungs and the optimization of delivery
parameters from a rat model. We also discuss the advan-
tages of this method in relation to transtracheal insuffla-
tion or jet ventilation.

METHODS
All procedures were approved by an Animal Care and Use

Committee and conducted in accordance with the United States

Public Health Service’s Policy on Humane Care and Use of Lab-

oratory Animals. Adult male Sprague-Dawley albino rats (180–

340 g; Harlan, Chicago, IL) were housed in AAALAC-accredited

facilities and maintained on a 12-hour light:dark cycle with a

temperature of 23˚C and humidity of 55%, monitored daily, and

had unrestricted access to water and food.

Urethane (1.5 g/kg ip) was used for anesthesia. Tempera-

ture was monitored with a rectal thermometer and maintained

with an isothermal heating pad (Deltaphase, Braintree Scien-

tific, Braintree, MA).

We studied 42 episodes of airway occlusion with and with-

out bolus lung inflation with oxygen, room air, or nitrogen gas

in 21 rats (randomized such that 7 animals received bolus infla-

tion with oxygen or room air, 7 received bolus inflation with

nitrogen, and 7 received no inflation treatment). Group sizes

were based on expected effect sizes from prior work.3 In each

experiment, the impact of controlled airway occlusion on cardio-

vascular function were assessed with electrocardiography

(ECG) and pulse oximetry, and these same measures were used

to evaluate the impact of transtracheal bolus lung inflation.

Monitoring and Recording
ECG recordings. Limb-lead ECG was recorded using cop-

per strips coated with conductive gel wrapped around forelimbs

and tail. Signals were amplified and filtered to pass 1 Hz to 1

kHz and digitized at 2 kHz. Rate was calculated from the num-

ber of beats per unit time. Rhythm was assessed by reviewing P

waves and associated QRS complexes for variations in wave

shape, beat-to-beat intervals, and atrial-ventricular coupling.
Pulse oximetry. Arterial oxygen saturation was measured

by using a clip sensor on the thigh (TDR-43C, Med Associates,

St. Albans, VT) coupled to a pulse oximeter (CANL-425SV-A,

Med Assoc.). The raw pulsatile waveform of the pulse oximeter

was digitized (2 kHz) with other signals. Mean oxygen satura-

tion values were recorded at 10-second intervals. The photople-

thysmogram was used to evaluate changes in intrathoracic

pressure, cardiac filling, and blood delivery to the periphery.7 In

this context, we interpreted the magnitude of the waveform as

a measure of cardiovascular performance.
Inspiratory airway pressures. A pressure transducer

(CyQ, Columbus Instruments, Columbus, OH) was connected to
the sidearm of a T-shaped tracheal tube (see below). Inspiratory
pressures during complete airway occlusion were measured rel-

ative to those observed during baseline breathing. Signals were
digitized along with other signals recorded at the same time.

Other Manipulations and Implants
Tracheal implants. A T-shaped tracheal tube was placed

through an incision between cartilaginous rings of the trachea
after the trachea was exposed in the neck and the recurrent

laryngeal nerve was dissected free bilaterally to maintain laryn-
geal motor function for observation by laryngoscopy. Dissections

were verified as successful by direct laryngoscopy. Vocal fold
movement was thus preserved, but all airflow was through the
tracheal T-tube.

Controlled airway occlusion. Laryngospasm sufficient
to produce obstructive apnea was simulated with controlled air-

way occlusion. A tracheal implant with a sidearm was used as
follows. The straight path served breathing or could be

occluded. A pressure transducer on the tracheal tube sidearm
recorded forces developed during either normal breathing with

the tracheal tube open to the atmosphere or during complete
closure of the open port with an airtight cap. In prior work, we

showed that during occlusion, respiratory effort exerted to
inspire progressively increased with each attempt until effort
ceased and this point of respiratory arrest was associated with

acute left ventricular dilatation, hypokinesis, and asystole 3.
Lung inflation. We inflated lungs with oxygen, room air,

or nitrogen in volumes of 5 ml at atmospheric pressure, or 10 ml
in a subset of cases, delivered into the “closed” respiratory sys-

tem. Oxygen and room air were tested separately, but had simi-
lar actions on resuscitation, and data were pooled. Inflation

with nitrogen was used to assess the effects of airway pressure
in the absence of improving systemic oxygen levels. The infla-
tion volume of 5 ml at atmospheric pressure was based on rat

tidal volume (about 1.5 ml)3,8 and vital capacity (about 12 ml)
data.8

Experimental Design. After tracheal implant and config-
uration of physiological monitoring, each animal was subjected

to a period of controlled airway occlusion and the point of respi-
ratory arrest was noted based on the cessation of inspiratory

attempts. Each animal was then given a bolus of gas for lung
inflation, the identity of the gas based on random assignment.
Some measures taken up to the point of lung inflation were

pooled across all animals. Measures taken after lung inflation
were sorted based on the gas delivered (detailed in the Results).

Data Analysis and Statistics. Data were streamed
directly to disk and analyzed offline. Analyses were done with

Spike 2 software (Cambridge Electronic Design, Ltd., Cam-
bridge, UK). Data are reported as means 6 standard deviation

in the text and figures unless otherwise noted. Statistics were
computed with Prism 6 software (GraphPad Software, La Jolla,

CA). A P<.05 was predefined, after appropriate post-hoc correc-
tion for multiple comparisons where appropriate, to be statisti-
cally significant.

RESULTS

Basic Properties of Airway Occlusion
From the onset of occlusion, respiratory effort that

was required to inspire increased progressively, then
ceased, as reported previously,3 in less than 1 minute
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(mean 5 50.0 6 9.7 seconds, N 5 42 events in 21 ani-
mals). Arterial oxygen saturation at the point of respira-
tory arrest was 36.6 6 13.3 percent (N 5 28 occlusion
episodes; see also Nakase et al.3. These features are
illustrated in Figure 1 with the points A (pre-occlusion
baseline), B (15 seconds after the onset of airway occlu-
sion), C (the point of respiratory arrest), and D (10 sec-
onds after the point of respiratory arrest). As the
tracheal pressure during each inspiration attempt

increased, the photoplethysmogram (pulse ox AC)
became completely dominated by the negative pressures,
with large negative transients likely due to blood redis-
tributing centrally associated with the inspiratory
attempts and a post-attempt positive phase likely due to
blood being released to the periphery (best seen
approaching point C in Figs. 1 and 2).

The core metrics in response to airway occlusion
are illustrated in Figures 1 and 2, and summarized for

Fig. 1. Illustration of overall experiment, sequence of milestones, and ECG detail for resuscitation by bolus lung inflation after respiratory
arrest.
Top illustrates the overall experiment and sequence of milestones. ECG (top sweep), photoplethysmography (middle sweep), and tracheal
pressure (bottom sweep) for a controlled airway occlusion followed by bolus lung inflation. The onset of airway occlusion and the onset of
lung inflation are marked by arrows below the tracheal pressure trace. Bottom A–H illustrate details of ECG morphology and heart rate at
the points labeled above the tracheal pressure trace and marked with vertical lines. Note the development of bradyarrhythmia and signifi-
cant ST segment changes from A to D (A: pre-occlusion baseline, B: 15 seconds post occlusion onset, C: point of respiratory arrest, and
D: 10 seconds post RA). Occlusion onset, inflation peak pressure, and the midpoint between the inflation peak and the first inspiratory
attempt are marked with unlabeled vertical lines. Note 1) the recovery of cardiac performance as evidenced by the improvements in ECG
amplitude and ST morphology (E, F) and rate (from the minimum rate shortly after inflation onset), and 2) improvements in systemic oxygen
delivery as evidenced by the photoplethysmography leading up to point E. Calibrations are shown on the figure.
Labeled points (A–H) correspond to the times used for summary plots in Figure 3.
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the entire study in Figure 3. For panel A of Figure 3,
F(1.634, 66.98) 5 67.69, P<.0001, changes in RR interval
were smallest between baseline versus 15 seconds after
occlusion onset (P 5.014) and became larger at later
time intervals (with P<.0001; Dunnett’s multiple com-
parisons test). The red trendline shown in panel A is
also statistically significant (P<.0001). Note, too, that
the respiratory changes (eg, Fig. 3D) occur earlier in
time than the cardiac changes (eg, Fig. 3B; see also
Nakase et al.3.

Basic Properties of Bolus Lung Inflation
Our goal was to assess whether a single bolus of

oxygen (N 5 7 animals, 3 of which were also tested with
room air) to effectively pressurize the respiratory system
would be effective for cardiopulmonary resuscitation
without any other intervention. Seven other animals
received nitrogen for lung inflation. The initial occlusion
step was the same for all 14 animals. Some parameters
measured before gas delivery could be pooled across all
animals, irrespective of gas. Once the gas was delivered,
the total pool was segregated based on the gases. Each
animal was allowed to reach the point of respiratory
arrest, and lung inflation (with oxygen, room air, or
nitrogen) was initiated at approximately 20 seconds
after the point of respiratory arrest (range 11–31 sec-
onds; mean 5 25.1 6 5.0 seconds; N 5 14 animals). The
minimum oxygen saturation levels reached between the

point of respiratory arrest and the start of lung inflation
were 20.2 6 15.5 % (N 5 14 animals).

Bolus lung inflation with oxygen or room air, with
no other intervention, restored cardiovascular perfor-
mance for significant times. As illustrated in Figures (1
and 2), and 3, lung inflation with oxygen or room air
reversed ECG ST segment changes and improved perfu-
sion as evidenced by photoplethysmography. The time
from the start of lung inflation to the first oxygen satu-
ration value over 90% was 27.3 6 13.7 seconds (satura-
tion was 97.1 6 3.5%). The time from inflation onset to
the peak heart rate was 69.0 6 14.3 seconds.

ECG and photoplethysmography showed continuous
decline in the nitrogen-treated animals, equivalent to
leaving the airway occluded without any resuscitation
effort (see example in Fig. 2.).

Respiratory drive was minimal while the airway
remained closed and pressurized for nearly one minute,
even as cardiac performance continued to improve (Figs.
1 and 2). At about one minute, with the airway still
completely occluded, clear evidence of inspiratory effort
was visible on the airway pressure sensor. The pattern
of inspiratory effort was different from that observed in
the initial occlusion. Typically, the inspiratory attempt
rate steadily decreased and the inspiratory effort
increased from occlusion onset to the point of respiratory
arrest. In the post-inflation period, the inspiratory
attempt rate typically started at a low rate, increased as
the occlusion continued, and then decreased again at the
approach to a second respiratory arrest. The time to the

Fig. 2. Detail of relations between ECG, photoplethysmography, and airway pressure.
Top (A) shows the recovery of cardiac function after bolus lung inflation with oxygen. Signals are allowed to partially overlap to facilitate
comparison of temporal details. Tracheal pressure is shown in blue, photoplethysmography (pulse ox—AC) is shown in green, and ECG is
shown in red. Photoplethysmography signal during pre-inflation respiratory arrest is due only to weak cardiac contractility. Improved cardiac
performance is seen after lung inflation and before onset of attempts to inspire. During effort to inspire, each inspiratory attempt (negative
pressure transients) is associated with a decreased pulse ox signal, and the cessation of inspiratory effort is associated with an increase in
pulse ox signal. Bottom (B) shows an example of inflation with nitrogen. The nitrogen example shows that the inflation improves blood
delivery to the periphery, but this does not improve the ECG. Artifacts of handling the animal resulted in increased noise on the ECG
recordings and are marked with asterisks (below the ECG in A, above the ECG in B). Calibrations are shown on the figure.
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point of respiratory arrest from the point of bolus lung
inflation averaged 128.0 6 36.9 seconds (compared with
the time from occlusion onset to the point of respiratory
arrest in the initial occlusion (47.2 6 8.8 seconds) or the
time from first respiratory attempt during lung inflation
to the point of respiratory arrest (88.1 6 17.1 seconds;
see Fig. 3C). Comparing the time to respiratory arrest
from inflation onset or from the first inspiratory attempt
to the time to respiratory arrest from occlusion onset
(Fig. 3C) showed significant benefit of lung inflation
(F[1.024, 6.143] 5 24.51, P 5.0023; P 5.005 for both com-
parisons, Dunnett’s multiple comparisons).

Airway pressure resulting from the gas bolus
declined over time (Fig. 4). We sought to estimate the
changes in airway pressure as a function of time and
irrespective of the gas delivered. Peak pressures aver-
aged 34.2 6 8.2 mm Hg (N 5 16 events, all gasses
included) and declined to 19.1 6 5.8 mmHg by 20 sec-
onds after the peak and 14.1 6 2.8 by 50 seconds. The
best fit curve was based on two exponentials with
short (about 1–2 s) and long (about 30 s), suggesting
that the short time constant may be related to lung
compliance and the longer time constant related to
redistribution of blood. Estimates of lung compliance

Fig. 3. Summary of ECG and photoplethysmography changes during airway occlusion and resuscitation by bolus lung inflation.
A. Changes in RR interval during airway occlusion up to and beyond the point of respiratory arrest in all animals. Time points selected for
comparison to prior studies (eg, Nakase et al.3 and to simplify analyses of variance. Trendlines based on these selected time points
approximate trendlines derived from the complete data set (difference in slopes<20%, R2>0.9; red trendlines in all panels indicate signifi-
cant trends: P<.0001). B. Changes in RR interval duration during occlusion and bolus lung inflation with oxygen. For the first 4 bars,
F(1.331, 7.987) 5 17.9, P 5.0020, P<.13, .03, .01 Dunnett’s multiple comparison; test for trend P<.0001). During lung inflation, F(2.312,
13.87) 5 10.06, P 5.0015, P<.01, .01, and .06 for comparisons with the inflation start (Dunnett’s multiple comparisons). C. Comparison of
times to respiratory arrest (RA) from onset of occlusion to first arrest, onset of lung inflation to second arrest, and first inspiratory attempt
after lung inflation to second arrest. D. Photoplethysmography changes during occlusion and bolus lung inflation. For the first 4 bars,
F(1.122, 6.735) 5 26.49, P 5.0013, P<.01, .01, .01, Dunnett’s multiple comparison; test for trend showing impact of large negative intratho-
racic pressures on peak-to-peak photoplethysmogram amplitude P<.0001). In the center, light blue bars highlight the large photoplethys-
mogram amplitudes in the absence of any effort to inspire indicating a basis for resuscitation when lung inflation is the only manipulation (F
[1.77, 10.62] 5 6.37, P 5.0172). During lung inflation, photoplethysmogram remains elevated until after respiratory arrest due to the added
impact of inspiratory attempts on blood flow in the periphery (F[2.133, 12.8] 5 10.12, P 5.0021, P 5.92, .45, and .03 for comparisons with
the inflation start).
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from the resulting airway pressure were consistent
with published values for rat lung (0.1 ml per cm H20,
comparable to the value previously reported of 0.08 ml
per cm H2O9).

With volumes of 5 or 10 ml for inflation, there was
never evidence of airway or lung trauma, which would
have caused blood or bloody secretions in the airway and
possibly pneumothorax.

Repeated Bolus Injections
Bolus lung inflation could be repeatedly used for

resuscitation. Figure 5 shows an example where lung
inflation was used to restore cardiorespiratory function,
the animal was allowed to experience respiratory arrest
a second time, and then bolus lung inflation was
repeated for resuscitation (N 5 3 animals). Responses to
a second bolus lung inflation closely resembled responses
to the first bolus lung inflation, indicating that lung
inflation approach could be used repeatedly without loss
of effect.

DISCUSSION
Acute upper airway obstruction (eg, laryngospasm)

can be difficult to manage because of the very short
times necessary for desaturation, respiratory arrest, and
cardiac arrest. We demonstrate that bolus lung inflation

with oxygen or room air can significantly restore cardiac
performance during airway occlusion, even after the
point of respiratory arrest. Further, lung inflation
increased the time window available for establishing a
stable airway by nearly three-fold in response to a single
inflation step, and inflation steps could be repeated for
longer periods of support. Whereas this method is poten-
tially useful in cases of severe laryngospasm, it will
have equal utility in other cases of upper airway
obstruction. We envision an approach where a single
bolus of oxygen or air is delivered to prolong the time
available for stabilization of the airway with removal of
the injection hardware immediately after the airway is
stabilized.

Utility of Bolus Lung Inflation
Our long-term goal is to prevent sudden death in

epilepsy. Given the narrow time window that exists for
successful cardiopulmonary resuscitation between the
natural diminution of seizure-induced laryngospasm and
cardiac arrest from hypoxemia (eg, Ryvlin et al.5, bolus
lung inflation may be a simple, effective intervention.
Resuscitation with only bolus lung inflation was unex-
pected, given the poor cardiovascular performance at
this point (eg, Nakase et al.3. Clearly, the approach has
promise even if many questions remain with regard to
bolus delivery, maintenance of system pressure, and
actual outcomes.

Comparison with Transtracheal Insufflation
and Jet Ventilation

Transtracheal insufflation and jet ventilation are
related options for introducing oxygen to stabilize an
oxygen supply in a variety of settings, including emer-
gencies, intensive care, and surgeries where airway
management is or becomes problematic (see also other
variants reviewed elsewhere10,11.

In transtracheal insufflation, oxygen or room air is
delivered via cannula at a steady flow of approximately 2
liters/minute directly into the trachea with a separate
transtracheal port or an open airway providing the
exhaust port.12–18 Its key utility has been as a continuous
source of oxygen as an adjunct to surgical procedures
involving the upper airway, an adjunct to mechanical ven-
tilation, or as an alternate method to achieve oxygenation
during cardiopulmonary resuscitation.

Jet ventilation19–26 has been used more commonly
in cases of upper airway obstruction to increase the time
available for intubation. Gas is delivered at high pulse
rates with low tidal volumes or low pulse rates with
larger tidal volumes via rigid cannula that can be associ-
ated with a bronchoscope or laryngoscope, via cricothyr-
oidotomy cannula, or introduced into a tracheal tube.
Jet ventilation devices can deliver nearly 1 liter per sec-
ond through a 14 gauge needle at 30 psi (2 atmospheres)
and 1.25 liters per second at 50 psi (3.4 atm),25 and do
so for as long as they are active. The main concern is
that the continuous use of high driving pressures can
easily traumatize the airway or cause pneumothorax.26

Fig. 4. Decay of airway pressure after bolus inflation.
Tracheal pressures were measured from the continuous records at
the peak pressure after inflation and at 5, 10, 20, 30, 40, and 50
seconds after the peak. Data from nitrogen inflations were pooled
with oxygen data and were essential for evaluation of pressures at
times �30 seconds. Sixteen events, including 7 nitrogen inflations
were used to study the decay of airway pressure over time. N’s at
each time point were as follows: pre-inflation “baseline” (16), peak
(16), 5 s post-peak (16), 10 s (15), 20 S (13), 30 S (10), 40 (8), and
50 s (7). Individual points are shown together with gray bars repre-
senting means at each time and the best fit curve (two-phase
exponential decay; R2 5 0.545; red). The fitted equation was
Y 5 28.1e(20.07x) 1 11.6e(20.72x)-5.4 with time constants of 2.0 and
135.5 seconds. The change in volume of 15 ml with a resulting
change in pressure of 35 mm Hg (about 50 cm H2O) gives a result-
ing lung compliance of 0.1 ml per cm H2O, comparable to the
value previously reported of 0.08 ml per cm H2O9.
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Our lung inflation method produced long-duration,
but modest peak intratracheal pressures of less than 50
mmHg (less than 0.1 additional atmospheres), and
showed no evidence of trauma to the airway or lungs. The
single inflation step yields rapid reoxygenation and has
the added benefit of improving blood flow to the periphery.

In the case of a “leaky” airway, for example due to
incomplete upper airway obstruction, repeated application
of bolus lung inflation thus resembles the insufflation
methods described above. Creating a pressurized closed
system with a mask in cases of partial upper airway
obstruction is equivalent to continuous positive airway
pressure (CPAP) devices, but such a configuration creates
an obstruction for manipulating the upper airway.

What remains from a utilization standpoint is the
optimization of methods for lung inflation and when it
should be performed for the best outcomes. This animal
model will allow many of the key details to be evaluated.
Clearly, bolus lung inflation as an approach to resuscita-
tion has the potential for timely, trouble-free application
that can save lives.

LIMITATIONS
The major limitations of this study relate to scaling

the intervention from a rat model to humans. A goal of

this study on rats was the evaluation of the basic physio-
logical consequences of lung inflation before the very dif-
ferent job of designing appropriate delivery devices
began. The volume of gas delivered in the rat model and
its benefit for resuscitation requires a proportional vol-
ume of gas delivered quickly in human subjects. The
human trachea is about 10 times the diameter of the rat
trachea, but a functional emergency gas delivery system
for humans is expected to be practically limited at its
entry into the trachea to 1 to 2 mm in diameter. Gas
flow rates need to be considerably higher, as discussed
above, but design details at the injection site will be crit-
ical for minimizing airway trauma and maximizing ease
of use. These data from a rat model on respiratory and
cardiovascular physiology during bolus lung inflation
establish the key physiological targets to be achieved in
the design and testing of delivery methods in large ani-
mals models (eg, sheep, pigs) with the ultimate goal of
human use.

CONCLUSIONS
A proof-of-concept that bolus lung inflation can

resuscitate an animal past the point of respiratory arrest
is demonstrated in a rat model. Our results establish
key metrics and expectations with regard to the

Fig. 5. Illustration of repeated use of bolus lung inflation to prolong resuscitation times and two inflation volumes.
See Figure 1 and the text for additional details. Original occlusion onset, three points of respiratory arrest (RA), and two points of inflation onset are marked
with arrows beneath the tracheal pressure trace. The first inflation volume was 5ml of room air. The second was 10ml of room air. The tracheal pressure
traces were well fit with two-exponential curves from the inflation peak to the point of first inspiration attempt. R2 for the first inflation was 0.9983 and R2 for
the second inflation was 0.9989. Time constants were 1.0 and 17.1 seconds for the first inflation and 0.7 and 27.9 seconds for the second inflation. ECG
changes are seen only at slow sweep speeds here, but can be seen at higher temporal resolution in Figures 1 and 2. Calibrations are shown on the figure.
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development of methods that can be used for emergency
resuscitation in cases of upper airway occlusion.
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