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unanticipated emergencies

Doron D. SomMER; JosepH A. FisHER, MD, FRCP; VIvVEKANAND RaMCHARAN, BSc; Susan MarsHaLL, RRT;

Dmrtar M. Vipic, BSc, RRT

Objectives: To design an improvised circuit
that can be used to extend the capability of a
single ventilator to ventilate two or more pa-
tients and that can be assembled from readily
available parts in times of unanticipated
emergency.

Design: Research and development, followed
by technical analysis and evaluation.

Setting: Biomedical laboratory.

Measurements and Main Results: We describe
two circuits that can be assembled from readily
available inexpensive components to function
as improvised ventilators. One circuit requires
only a central mushroom valve driver and an
additional source of fresh gas for each patient.
The other circuit is configured as a number of
secondary circuits in parallel, connected to a
single ventilator. We constructed and tested the
circuits using mechanical lung simulators. The
secondary circuit configuration was more effi-
cient in terms of fresh gas usage, but was more
complex regarding operation and trouble-
shooting.

Conclusions: These two improvised circuits
can extend the capability of a standard volume-
cycled ventilator to provide automatic ventila-
tion of the lungs in times of disaster. (Crit Care
Med 1994; 22:705-709)
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An issue of medical importance was raised during
the Persian Gulf War of 1990 to 1991. Iraq’s neighbors
had to deal with the threat of the use of nerve gas
against civilian and military populations. Regardless
of the considerable civil defense measures instituted
in response to the threat, a successful attack would
burden the medical facilities with large numbers of
awake, paralyzed, but otherwise healthy patients. It
is unlikely that civilian hospitals equipped for peace-
time operation would have an adequate number of
ventilators in reserve to handle these patients (1). In
more general terms, the need for multiplying ventila-
tor capacity can occur in many places throughout the
world as a result of war, massive industrial accidents,
and natural disasters.

This article describes an improvised method of pro-
viding controlled automatic ventilation for patient
numbers in excess of the number of ventilators that
are available. We describe two systems that are easy
to assemble, inexpensive, and show promise of effec-
tiveness. Each system we describe is controlled by a
single ventilator, and is capable of ventilating several
patients with individualized tidal volumes, airway
pressures, F10,, and positive end-expiratory pressures
(PEEP). The PEEP capability of the driving ventilator
is maintained. Cross-infection is avoided by isolated
patient circuits.

We assembled and tested two systems using mech-
anical lung simulators. Institutional Review Board
approval was not required. In both systems the tidal
volume was generated by controlling the expiratory
port of the patient circuit with a mushroom valve
driven by a ventilator. In one system, the inspired
volume was generated by flow directly from the fresh
gas source. In the other system, the inspired volume
consisted of a combination of fresh gas flow and gas
displaced by the controlling ventilator.

MATERIALS AND METHODS

Fresh Gas Flow and Mushroom Valve System. This
configuration consists of a T-piece with a mushroom
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valve on the expiratory port (Fig. 1). The required
components for fresh gas flow and the mushroom
valve system are: a mushroom valve, fresh gas flow
source, high-pressure relief valve (pop-off valve), and
low-pressure alarm. To minimize rebreathing, the fresh
gas flow must be introduced as close as possible to the
patient’s endotracheal tube. In addition, the circuit
should contain an alarm for airway pressure loss, and
a pressure-relief valve (pop-off valve) to reduce the
risk of barotrauma. A PEEP valve can be added to the
expiratory port of any patient circuit, and thus indi-
vidual PEEP can be optimized for each patient (2, 3).
The ventilator’s PEEP valve can also be engaged, but
the same amount of PEEP will be applied to each
patient.

Analysis of System. The advantages of this system
are that it is inexpensive and easy to assemble, use,
and trouble shoot. The number of patients that can be
ventilated with this system is determined by the ca-
pacity of the ventilator to drive the mushroom valves
and the availability of fresh gas sources. Its major
disadvantage is its inefficient use of fresh gas flow.
During the expiratory phase, the fresh gas flow is
vented and thus wasted. For example, considering an
inspiratory time of 2 secs, and a tidal volume of 500
mL at 12 breaths/min, a fresh gas flow of 15 L/min is
required, of which only 6 L is used to ventilate the
patient.

Secondary Circuit System. Fresh gas flowing dur-
ing the expiratory phase of ventilation stays within
the secondary circuit and makes up part of the inspired
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Figure 1. Fresh gas flow and mushroom valve ventilator showing
aT-piece configuration. The fresh gas flow should enter the circuit
as close as possible to the patient to avoid rebreathing. MV,
mushroom valve; APG, airway pressure gauge; POV, “pop-off”
valve; FGF, fresh gas flow.
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volume. In this instance; the required fresh gas flow
would be equal to the minute ventilation.

Assembly. Figure 2 is a schematic diagram of two
secondary circuits attached to one ventilator. Table 1
lists the components required to double the ventilator
capacity using this system. The ventilator should ide-
ally be a volume- or pressure-cycled ventilator, using
a mushroom valve on the expiratory port. The ventila-
tor circuit is attached to each secondary circuit.

Secondary Circuit. The “box” should be transpar-
ent to allow visualization of the bag. It should have
two ports, one port attached to the ventilator circuit,
and the other port attached to the bag inside the “box”

Vaentilator Expansion Circult

~FGE |

]
@' «FGF ‘
| .
To
Patient

Figure 2. A schematic of the secondary circuit ventilator. Each
secondary circuitis T-pieced to a volume-cycled ventilator circuit.
The ventilator’s mushroom valves are configured in parallel to the
primary ventilator circuit and each secondary circuit. The “bagin
box" is diagrammatically simplified as a bellows. MV, mushroom
valve; APG, airway pressure gauge; POV, “pop-off” valve; PV,
positive end-expiratory pressure valve; FGF, fresh gas flow.
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Table 1. Apparatus for secondary circuit system required to double
ventilatory capacity

“Bag in Box”

Two “boxes” e.g., 4-L suction bottles

Two 3-L bags

Two in-line spring-loaded PEEP valves
Mushroom Valves and Connectors

Two mushroom valves

1/8" ID tubing (4 m)

Two 4-mm “Y” connectors
Circuit Tubing and Connectors

Two 15-mm ID “T” connectors

Two nebulizer “T” connectors (as FGF inlet)

Two oxygen tubes

Four straight connectors

Nine meters of 22-mm corrugated aerosol tubing
Safety Monitors

Two aneroid manometers

Two pressure-relief valves (pop-off valves)

Two low-pressure alarm monitors

PEEP, positive end-expiratory pressure; ID, inner diameter; FGF,
fresh gas flow.
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(Fig. 2). The fresh gas flow and an in-line spring-
loaded PEEP valve are attached to the port containing
the bag. (Ball-on-ring type valves are gravity depend-
ent and may fail if tipped.) The purpose of this PEEP
valve is to allow the bag to fill during expiration and to
provide a variable stepping down of the pressure from
the primary ventilator circuit to the patient circuit.
The remainder of the patient circuit should contain an
aneroid pressure gauge and pressure-relief valve (pop-
off valve). The patient expiratory port is controlled by
a mushroom valve attached in parallel with the venti-
lator mushroom valve. A low-pressure alarm system
is highly recommended for each secondary circuit.

We assembled the secondary circuit system from
components in storage in our respiratory therapy de-
partment (Fig. 3) and tested it on mechanical lung
simulators (Medishield, Harlow-Essex, UK). For our
“box,” we used a 4-L suction bottle (Gomco 01-90-3105,
Chemetron Medical Products, Buffalo, NY), which
had an airtight rubber seal cap containing two 15-mm
inner diameter ports. One port had a plastic tube
extending into the bottle, where we attached a 3-L
anesthetic bag. To this port, we attached a 15- to 22-
mm connector with oxygen stem (0001405, Airlife U/
Adaptit™ straight adapter, Baxter Edwards Critical-
Care, Valencia, CA) and a spring-loaded PEEP valve
(900, Vital Signs, Totowa, NJ; or BD 06362, Bird,
Palm Springs, CA). The rest of the circuit contained
an aneroid pressure gauge (Bird), a pressure-relief
valve (Bird), and a mushroom valve (000563, Puritan-
Bennet, Pickering, ON, Canada).

Analysis of System. At fresh gas flow equal to minute
ventilation, the ventilator’s tidal volume capacity lim-
its the cumulative tidal volume output of the second-
ary circuits. Since the volume of fresh gas flowing

Figure 3. A photograph of the secondary circuit ventilator we
assembled in our hospital from components readily available in
the respiratory therapy department. The patients are manikins.
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during inspiration is added to the volume displaced
from each secondary circuit, the individual tidal volume
can be supplemented by increasing fresh gas flow
above minute ventilation. In this way, additional sec-
ondary circuits can be attached without decreasing
tidal volume in the interdependent circuits.
Suggested Method of Operation. Patients are se-
lected for the interdependent system and the fresh gas
flow is set for each secondary circuit at approximately
the intended minute ventilation of each patient (70 to
80 mL/kg). The tidal volume setting on the ventilator
is set equal to the intended combined tidal volumes of
the patients. The ventilation frequency is set at 10 to
12 breaths/min with an inspiratory/expiratory ratio
ranging from 1:2 to 1:4. The secondary circuits are
attached to the patient’s endotracheal tubes. The ven-
tilator’s tidal volume setting is adjusted such that the
airway pressure in the primary and all secondary
circuits provides the patient who has the lower chest
compliance with an adequate tidal volume (4). The
patient with the higher chest compliance may tempo-
rarily be getting a higher than intended tidal volume,
This increased tidal volume is reduced by empirically
increasing the resistance through this patient's sec-
ondary circuit PEEP valve and thus reducing his/her
peak airway pressure. This circumstance will also
cause gas from the ventilator to redistribute toward
the companion secondary circuit and effectively in-
crease the tidal volume of the patient with the lower
chest compliance. Tidal volumes and minute ventila-
tion can be further adjusted by altering the fresh gas
flow. A PEEP valve can be added to the expiratory
port of any secondary circuit, and thus, individual
PEEP can be optimized for each patient (2, 3). The
ventilator's PEEP valve can also be engaged but the
same amount of PEEP will apply to each patient on an
interdependent secondary circuit. To minimize the
effects of dynamic changes in respiratory resistance
and compliance in parallel secondary circuits, we rec-
ommend that patients with the most stable pulmo-
nary compliance be grouped together on these cir-
cuits. Heat and moisture exchangers can be added to
the patient-circuit interface to provide humidification.
Monitoring. Patients can be visually monitored by
observing chest movement, as well as other clinical
signs (5). Bag motion and airway pressures in the
secondary circuits are also useful monitors. The pri-
mary and secondary circuit should be equipped with
low- and high-pressure alarms. An expiratory moni-
tor attached to the patient’s secondary circuit will
reflect the patient expiratory volumes as in a normal
ventilator, as long as the fresh gas flow is less than or
equal to minute ventilation. Ideally, the patient should
be monitored for oxygen saturation and end-tidal Pco,.
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Blood gas measurements can be performed as
necessary.

In the event of a power or gas source failure, the
patients must be disconnected from the circuits and
ventilated manually, as is the practice when standard
ventilators are used.

Trouble-Shooting. A system malfunction is nor-
mally detected by an aberrant filling and emptying
motion of one or more of the bags in the secondary
circuits. The patients affected should be disconnect-
ed from the circuit, ventilated manually with a self-
inflating bag, and the circuit attached to a rubber
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anesthesia bag until the problem is identified. Mal-
functions are classified according to one of the follow-
ing three conditions: a) primary circuit malfunction;
b) mismatched fresh gas flow; c) secondary circuit
malfunction.

Trouble-shooting consists of differentiating between
these three conditions. In a primary circuit malfunc-
tion, all patients and bags are affected simultaneous-
ly. Problems that appear to be affecting predominant-
ly one patient reflect a fresh gas flow mismatched to
minute ventilation, or a malfunction in any interde-
pendent secondary circuit. The adequacy of fresh gas
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Figure 4. Chart for trouble-shooting when the bag in the secondary circuit on the index patient (Bag #1) is not emptying. FGF, fresh gas

flow; PEEP, positive end-expiratory pressure.
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Figure 5. Chart for trouble-shooting when the bag in the secondary circuit on the index patient (Bag #1) is collapsing inappropriately-
FGF, fresh gas flow; PEEP, positive end-expiratory pressure.
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flow in the circuit appearing to malfunction is checked
first, then each interdependent secondary circuit is
examined for leaks or obstruction. Figures 4 and 5
‘outline the steps for trouble-shooting a sample sec-
ondary circuit system consisting of two secondary
circuits (Fig. 2).

DISCUSSION

Positive-pressure ventilatory support has been
known since antiquity (6-8). Its application has been
limited by, among other things, the development of
the technology of ready airway access, that is, endo-
tracheal intubation (9).

Negative-pressure ventilators were developed at
the turn of the 20th century. The Drinker “iron lung”
gained widespread acceptance for the management of
polio patients after a demonstration of its clinical
efficacy in 1928 (10, 11). Nevertheless, the epidemic
nature of the disease (polio) frequently resulted in
numbers of paralyzed patients exceeding the number
of negative-pressure ventilators available (7, 11, 12).
This circumstance led to the development of negative-
pressure chambers that were able to hold two and
even four patients (11).

Technological improvements in endotracheal tubes
responded to the need to provide positive-pressure
ventilation during anesthesia for patients with open
chests and for those patients paralyzed with curare
(13). In January 1953, Lassen (12) described the use of
endotracheal intubation and hand-delivered positive-
pressure ventilation for polio victims as “therapeutic
improvisations...when the one tank ventilator and six
cuirass respirators proved wholly insufficient when
the epidemic developed into a major catastrophe.”

The development of positive-pressure ventilators
followed. They have evolved into expensive, complex
machines designed to provide ventilatory support for
patients with lung disease (13-15). In one respect, we
have come full circle. Positive-pressure machines have
replaced negative-pressure machines, but their sup-
ply is once again limited to satisfying ongoing require-
ments (1) and there are no provisions for an
unanticipated large increase in demand other than
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one-to-one manual ventilation as described by Lassen
(12).

In this article, we describe a simple, easily re-
cruited source of automated, intermittent, positive-
pressure ventilation that was obtained by extending
the capabilities of a ventilator, to ventilating more
than one patient.
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