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BACKGROUND: It has been pointed ouf that in the wake of a virnlent flu strain, patients with
survivable illness will die from lack of resources unless more ventilators are made available.
Numerous disaster-type ventilators are available, but few evaluations have been performed. OB-
JECTIVE: To compare simple, lightweight, and handy ventilators that couid be used in the initial
care of patients with respiratory distress. METHODS: We bench-tested 4 volume-cycled ventilators
(Carevent ALS, EPVI00, Pneupac VRI, and Medumat Easy) and 2 pressure-cycled ventilators
{(Oxylator EMX and VAR-Plus). We stodied their general physical characteristics, sonometry, gas
consumption, technical performance, ergonomy, and wser-friendiiness. With a test lung we assessed
performance at Vg of 4.58 and 1.8, set compliance of 38, 7%, and 120 ml/em ILO, and set
resistance of 5, 10, and 20 cm H,0/L/s. To study user-friendliness and ergonomy we conducted, in
randoemized order, 7 or § objeciive, quantitative tests and 2 subjective tests. RESULTS: Compliance
and resistance strongly aifected tidal velume with the pressure-cycled ventilators (from 418 = 49 ml,
to 1,377 = 444 mi. with the VAR-Plus, at the Jowest pressure level), whereas the volume-cycled
ventitators provided a consistent tidal volume in the face of changing test lung characleristics.
CONCLUSIONS: We are concerned that the pressure-cycled ventilators did not provide a consis-
tent tidal vebume, and under certain conditions the volume delivered wounld be unsafe (foo large or
too small). Most of the volume-cycled ventilators proved o be technically efficient and reliable.
Their reliability, portability, and ease of use could make them valuable in natural disasters and
mass-casualty events. Key words: mechanical ventilaror; mass-casualty event; pandemic; influenza;

emergency; disaster. [Respir Care 2011;56(6):751-760. ©@ 2011 Daedalus Enterprises]

Introduction

Following September 11, 2001, and various biological
alerts, the worldwide medical community has taken steps
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to prepare for events that would create numerous critically
ill patients.! Recently, the threat of viral pandemic (eg,
severe acufe respiratory syndrome, avian flu [HSN1], and

SEE THE RELATED EDITORIAL ON PaceE 879

HINT), which might result in thousands of patients reguir-
ing mechanical veniilation, has accelerated preparations.
Even with a 10% pandemic influenza rate, a 3% admission
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rate to critical care units, and maximum jncreased resources
available, a major msmatch between supply and demand

HHAE R TI " The

rsf-case scenarios. described by varl-
ous experis. may have a 30% admission rate, which would
rapidiy overwhelm critical care resources, especially ven-
tiiators, so many patients with survivable iliness wouald die
from fuck of ventilarors.!

Hospitals have almost no reserve ventilators to respond
to disaster or pandentic, Critical-care ventilatogs are com-

plex and designed 10 support patients with a wide range of

medical conditions, but their high cost makes it impossible
to stockpile the, so a simple, low-cost, but efficient ven-
tilator is of major interest.

When dealing with an unstable acute-respiratory-failure
patient, a ventilator sefting error or malfunction may cause
patient injury o death. The extensive training and com-
petency required to safely and effectively operare a ven-
tilater impedes the use of support personnel in a mass-
casuaity event. Even with recurrent ventilator education,
personnel cannol‘ be assumied to be up o date with such
low hequency " use,** so optimal e lvonomy and us
£ is c J.cml to minimize the risk of human error.
A contrario, an easy-to-use ventilator that cannot saieiy
and effectively ventilate the patient is not a good choice.

We bench-tested 6 simple, lightweight, handy ventila-
tors designed for mass-casualty events, We studied the
ventilatars” physical characteristics regarding stockpile re-
quirements. gas autanomy, technical performance, reliabil-
iy, croonomy, and aser-friendliness,

endli

Methods

We measured each ventilator’s device volume with a
laser distance-meter {Disto A6, Leica, St Gallen, Switzer-
iand). For stockpiling, the important facior is the cubic
volume of the ventilator’s actual storage space, as opposed
to just the exact device volume. Weight was measured
with an electronic scale (PD750, My Weight, Phoenix,
Arizona).

We measured the normal operational and alarm noise
with a factory-calibrated class 11 sonometer (Digital Sound
Meter, Extech, Waltham, Massachusetts), in the fast re-
cording mode (response time 200 ms), at the normal hu-
mran ear frequency. The sonometer unit was set on a tripod
at the center of a 37-m” room. 1.25 m above the floor,
70 cm from the center of the ventilator. The sonometry
datz were collected with dedicated acguisition software
and recarded continuously Tar 10 min after stabilization of
the signal, Sonomelry was carried out during normal and
alarm ventilator operation. at F,5_ of 0.50 and 1.0

We measured the output gas temperalure with a fast-
response thermometer {SmartReader Plus § Data Logger.,
ACR Systems, Surrey, British Columbia, Canada), with
the probe inserted immediately after the flow output, for a
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2-hour period, and we calculated the mean temperature
|
over that period. We meas "lrecl P,U with a calibrated ox-

yeen analvzer (Oxiguant 5. BEnviteo, Wismar, Gernany ).

Auntonomy

I the tested ventilators, only the EPV10( (which runs
on 2 standard D-cell batteries) uses electnical power. We
measured the gas consumption with standardized ventila-
Hion settings: tidal volume (V) 500 ml; respiratory
rate 13 breaths/min: F 0.5 or 1O, We used an E-size
oxygen cylinder and operated each ventilator until effec-
tive venlilation ceased or Vo was decreased by 10%. We
recorded duration of operation in minutes, and calculated
the mean oxygen consumption assuming 642 L of gas in
the cylinder. Measurements were performed twice with
each vemllalor and each Fie, .

Performance

Performance was assessed with an automated test lun
{ASL 5000, ingmar, Pittsburgh, Pennsylvania), at Fig of
0.5 and 1.0 (if available), at set compliances of 30, 70, or
120 mb/em H,0, and set resistances of 5, 10, or 20 cm H,O/
L/s, and constant PEEP of 10 em H,O via a reusable PEEP
valve (AmbuPEEP, Ambu, Ballerup, Denmark) for vol-
ume-cycled ventilators. Pressure-cycled ventilators induce
an automatic and non-adjustable PEEP value, which makes
such measurements impossible to carry out with externa
PEEP. AN measurements were performed ar abmosphene
pressure, constant room temperature (22°C), and constant
tung temperature {cylinder temperature 37°C).

We measured Vo and peak inspiratory pressure {PIP)
with the pressure and flow transducers in the test lung,
which we calibrated daily, according to standard proce-
dures. We calculated the mean = 5D Vi from at least 20
stable breaths. We analyzed the measurements and curves
with graphics software (LabView, National Instruments,
Austin, Texas) and the data-acguisition software in the test
lung (version 3.0.3.d).

=4

e

Ergonomy and User-Eriendliness

We conducted, in a randomized order, 7 or 8 objective,
quantitative tests {test duration, in seconds) and 2 subjec-
tive ventilator-user tests. Each ventilaior was tested by 6
senior respiratory therapists and 6 senior emergency phy-
sicians, none of whom had experience with these ventila-
tors nor other ventiiators by the same manufacturers; we
particularly emphasized this point because we wanted to
make the tests like a real mass-casualty situation. in which
the ventilator needs to be set up and operated easily by
each professional aware of a ventilator’s general function-
ing, We chose the objective tests most relevant to our field

RESPIRATORY CaRrpg @ JUNE 2011 VoL 56 No 6



BeENcE TesTS OF SIMpLE, HANDY VENTILATORS FOR PANDEMICS

. D: Medurnat

Fig. 1. A: EPV100. B: Carevent ALS. C: Prneupac VR1
Easy. E: Oxylator EMX, F: Vortran VAR-Plus.

of interest: circuit instaliation, ventilator on/off; identifi-
cation of ventilation mode; identification of current veil-
tilation settings; modification of V-, PIP, and PEEP; iden-
tification of current alarm settings; and turn off and reset
alarm. In each objective test, the clinician had 180 seconds
to execute the task, after which the task was considered
failed. We measured the time to complete each task.

In the subjective tests we asked the subjects their opin-
ions on each ventilator's ease of use, on a scale of | {very
difficult) to 5 (very easy}, and their willingness to use that
ventilator, on a scale of 1 (certainly not} to 5 (certainly).

Ventilators

We tested 6 ventilator models:

Carevent ALS, O-Two Medical Technologies, Missis-
sauga, Ontario, Canada

« BEPV100, Allied Healthcare, St Louis, Missouri

e Ppeupac VR, Smiths Medical, Whatford, United King-
dom

e Medumat Basy, Weinmann Gerdte fiir Medizin, Ham-
burg, Deutschiand

» Oxylator EMX, Lifesaving Systems, Roswell, Georgia

s VAR-Plus, Vortran Medical Technology 1, Sacramento,
California

The ventilators (Fig. 1) were donated by the manufac-
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turers. All the ventilators are smafl and have few setfings.
With the volume-cycied ventilators (Pneupac VRI,
Carevent ALS, EPV100, and Medumat Easy) the V. and
respiratory rate are dependent values, and only the Pneu-
pac VR allows air-mixing (Fjo, 0.5). With the pressure-
cycled ventilators (Oxylator BMX and VAR-Plus) the in-
spiratory pressure level can be adjusted. The respiratory
rate can be slightly adjusted on the VAR-Plus, but needs to
be controlled, whereas the initial value depends on the
flow. The VAR-Plus allows air-mixing (Fig, 0.5), but the
Oxylator EMX does not. '

Statistical Analysis

Values are given as mean = SD, unless specified oth-
erwise. When adequate, data were compared with the chi-
square test for qualitative parameters, analysis of variance
for repeated measures, and non-parametric Friedman or
Wilcoxon rank test for guantitative parameters. P < .05
was considered statistically significant. Analyses were per-
formed with statistics software (StatView 5.0, SAS Insti-
tute, Cary, North Carolina).

Resulis

None of the ventilators provides extensive monitoring,
especially the delivered V., Only a few combined settings
(simultaneous V. and respirafory-rate changes} are avail-
able. Table 1 describes the ventilators’ general charactei-
istics. The pressure-cycled ventilators generated much
higher noise levels than the volume-cycled ventilators. With
Fy5, 0.5 and high resistance and/or compliance settings,
the noise from the VAR-Plus was 83 dB, which is near the
limit for the human ear before hearing loss. Gas consump-
tion was much higher with the pressure-cycled ventilators
{eg, VAR-Plus 21 L/min, Medumat Easy 5.5 L/min). Air-
mixing {during Fy; 0. 5) was accurate (within 19) with the
2 ventilators on which Fyq, 18 adjustable.

The volume-cycled ventilators required the use of an
external PEEP valve, whereas with the pressure-cycled
ventilators it is inherent to the ventitator’s operation, de-
pending on the gas flow and respiratory rate. Most of the
ventilators have an alarm only for a fixed maximum pres-
sure, via a pressure-telief valve. The battery life of the
EPV100 was 61 hours, 12 min with new batteries.

Tidal Volume

Vo was correct and consistent {within 2%) with the
Carevent ALS and Medumat Basy (Fig. 2). With the
EPV 100 and Preupac VRI the set resistance and compli-
ance strongly affected the delivered Vy (Table 2).

With both the pressure-cycled ventilators (Oxyla-
tor EMX and VAR-Plus), delivered V. was markedly in-
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General Characteristics of the Tested Ventilators/Resuscitators

Table 1.
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Fig. 2. Mean tidal volume variation over all the Fio.. compliance,
and resistance conditions, with the valume-cycled ventilators.

fluenced by respiratory conditions and inspiratory pressure
(Table 3 and Fig. 3). With VAR-Plus the delivered PIP
was very different from the set PIP. With the Jowest avail-
able PIP selting (15 cm H,0), the deiivered PI¥ was moie
than 20 cm H, O With a set resistance of 10 cm H,O/L/s
and a set compliance of 120 mL/cm H,0, safe ventilation
lmp()%lb]‘ because of major  hyperinflation
(V4 = 2,000 mL). With VAR-Plus at PIP of 20 cm H,O
and complnme of 120 mijem H,O. safe ventilation was
impossible at any set i'esmmnce because of hmmediate
2000 mbL), The VAR-Flus
of 30 em H,O and

Was

major hyperinflaiion (Vg =
manufacturer’s proposed imrmE Pip
“normal™ patient resistance of 3 cm H.O/L/s and compli-
ance of 70 mL/cm H,Q also resulted in immediate major
hyperinflation.

Pressure and Respiratory Rate

With VAR-Plus, PIP was significantly different with the
different PIP settings (15 and 20 cm H,0, P < .001). The
PEEP inherent with the pressure-cycled ventilators was
highly variable with the resistance, compliance, and PIP
settings (see Fig. 3), and between the Oxylator EMX and
VAR-Plus. With the VAR-Pius, PEEP was dependent on
compliance, whatever the PIP. With the VAR-Plus we
observed recurrent operational failures; the VAR-Plus
stopped working, then restarted again, withoul warning or
alarm. We found no explanation for that problem. With the
Oxylator EMX, at the higher resistance values we ob-
served marked variability in respiratory rate.

Ergonomy and User-Friendliness

Table 4 and Figure 4 show the results of the ergonomy and
user—friendiiness tests. Between 5 and 8 objeclive ergononmy

RESPIRATORY CARE e JUNE 2011 VoL 56 No 6
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Table 2. Measured Tidal Volume Versus Set Resistance, Compliance, and Tidal Volume With the Volume-Cycled Ventilators
. Set Vi Measured V.. AVy Measured Vi AV Measured Vi AVp
Ventilator Ty (mL) (%Y (mL)} (%) (mi) (y* F
Set Resistance 5 em HyO/M/s Set Resistance 10 em H,O/L/s Set Resistance 20 cm HyO/L/s
Carevent ALS 500 496 = 19 496 = 5 -1 3054 +1 31
EPVI00D 480 438 = 5 438 £ 5 -8 434 = 4 10 001
Medumat Easy 460 455 £ 3 454 =2 -1 453 = | -2 0
Pneupac VR 450 46+ 0 412 * 6 -8 401 = 10 —11i .001
Set Compliance 30 mbl/em H,O Set Compliance 70 mL/om H,C Sel ComphHance 120 mL/em H,O
Carevent ALS 500 492 + 15 506 + 4 +1 510+ 3 +2 gz
EPVIQ0 480 432 =2 -10 438 = 2 -5 441 £ 3 -8 < 001
Medumat Easy 460 454 = 4 454 + 1 -1 454 = 1 ~1 95
Preupac VRI 450 401 9 ~11 413 £ 8 -8 415+ § -8 <001
- values are mean = SD.
 Difference between meastied tidat volume (3Vr) and set V.
Table 3. Measured PIP, V.., Inherent PEEP, and Frequency Relative (0 Set Resistance, Compliance, and Peak Insplratory Pressure With the
Pressure-Cycled Ventilators™
Set PiP Set PIP Set PIP Set PIP Set PIP Set PIP "
153 em H,O 20 em HLO 15 cm H; O 26 em H,O 15 cm H,O 20 em B0 !
Set Resistance 5 cm H,O/L/s Set Resistance 10 cm H,0/L/s Set Resistance 20 om H,O/L/
Oxylator
PP (em H,QO) 13.7 = 0.1 18.0 =41 119+ 1.3 154 2.0 137262 186 =02 N
Yo {mb) 618 + 209 936 + 325 REJ = § 2 602 = 209 157 = 17 361+ 27 054
PEEP {em H O 2.6 =01 2.7 = 0.1 23 =01 37226 0*+0 55+ 10 < G0t
f (breaths/min) 205 153 WE6 =2 121 2+3 A
VAR-Plus
PIP (cm H.O) 21 207 281+ 0.9 213 +05 278+ 1.1 2005 = 0.6 281 =09 A
Vo (mi) 1101 £ 536 1,375 = 553 908 * 443 1,306 = 567 610 + 212 1143 *+ 0636 004
PEEP (cm H,O) 5103 6303 52+403 6304 5603 6.7+ 4.5 A
1 (breaths/min} 157 16+ 3 14+6 15+1 134 16x2 1
Set Compliance 30 mL/cm H,0 Set Compliance 7¢ mL/em H,0 Set Compliance 120 mL/em H,O
Oxylator
PIP (cm H,O} 136 £0.5 6.6 £27 132109 [8.0 = 0.1 124+290 16.8 £ 2.0 1
Vo (mL} 190 * 39 274 *+ 60 467 = 132 688 = 130 332 £ 239 947 = 316 01
PEEP (cm H,O) 2.5 +1.1 22 %21 25202 23=x25 25+04 47 =41 07
f (breaths/min} 2827 212 le£2 10+2 842 70 007
VAR-Plus
PIP {cm H,0) 205 £ 04 276 £ 1.1 213206 284+ 09 211+ 09 ND N
Vo {mb) 418 =49 583 = 86 884 £ 201 1,243 = 248 1,377 = 444 = 2,000 < .001
PEEP {cm H,0) 4.0+ 0.2 62 0.6 54+03 6702 5.6 =03 ND < .00l
f {breaths/min) 20+3 191 13£2 120 91 ND 004

# Values are meen 81D

+ PEEP inherent 1o the operation these pressurc-cycled ventilators.
PIP = peak inspiralory pressure

Vo= tidal volume
f = frequency
ND = no data coflected

tests were performed with each ventilator, with 6 respiratory
therapists and 6 emergency physicians, so there were 30-48
tests of each ventilator. Alarim silencing was only possible on

RESPIRATORY CARE @ JuNg 2011 VoL 56 No 6

the EPV 100, but 4 of the 6 respiratory therapists and 4 of the
6 emergency physicians failed in the silence-alarm task. Ta-
bie 4 shows the overall task-failure rates. Instailation of the
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1 Ouylator
2 ann | B VAR Plus i

Vo oiml)

PIP (cm H0)

F{cm HoO)

LL
L

-
R5 R10 R20 R20 C30 C30 C70 C120
PIP 15 PIP 20 FPIP 15 PIP 20

Fig. 3. Measured tidal volume (Vy), measured peak inspiratory pressure (PIP), and measured PEEP (inherent to these ventilators’
operation) with the pressure-cycled ventilators, at set PIP valuss of 15 and 20 cm H,0 (indicated by the solid lines), set resistance
values of 5, 10, and 20 cm H,0/L/s (R5, R10, and R20), and set compliance values of 30, 70, and 120 mi/cm H,0 (G330, C70, and
120). The data bars indicate the mean values, and the error bars represent the standard deviations. With the VAR-Plus, measured
PIP was significantly different from the set PIP. There was major variability in delivered V; during single tests (standard deviation of
50-100%). * P = .005. T P < .001.

circuit and reading the alarm settings had significantly more « The pressure-cycled ventilators we tested, Oxylator EMX

task-faillures with the Carevent ALS and the EPVI100 and VAR-Plus, should be ruled out because of the major

{P = .001). The subjective user-friendliness surveys found impact of compliance and resistance on delivered Vo,

several important differences (see Table ). and because of their high gas consumption. Our resulis

suggest that Oxylator EMX and VAR-Plus would cause

Diseussion either hypoventilation (in a patient with low respiratory

compliance) or severs barotrauma/volutrauma (in a pa-

Several evaluations of disaster-type ventilators have been tient with normal to high respiratory compliance}.

published. ™% but to our knowledge this is the first to eval-

uate lechnical performance, autonemy, and ergonomy of + Despile their technical simplicity, the Carevent ALS and

ventilators (often called “resuscitators™) designed for mass- Medumai Easy volume-cycled ventilators had reliable per-

casualey events. Our main findings are: formance al the compliance or resistance settings we tested.
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Table 4. Ergonomy and {iser-Friendliness Asscssment
Task-Failure Rate . Medl_am Msdum.
{failures/atiempis) Hase-of-Use  Will-to-Tse

) : Score® Score’
Yentilator RTs Mis RTs MDs RTs Mk

Pieupac VR /42 0742 4.0 4.0 20 3.5

Carevent ALS 5142 TH2L 5.0 4.0 2.3 40

EPVION 10/48§ 6/48% 4.5 5.0 2.3 2.5

Medumat Easy /42 Q742 4.0 38 3.5 3.0

Oxylator EMX 2136 1136 2,00 4.5 Lo 200

VAR-Plus 0430 0/30 3.5 2.5 1.59 1.O%

# Easeof use seade: 1 = very difficult through 3 = very asy.

T Will-to-ase seale: | = cettainly not through 5 = certainly.

5 P <0 D5 as compared to all cxcept EPV100 and Carevent ALS.

§ P = 003 as compared to all cxeept Carevent ALS.

4P < 05 as compared lo Carevent ALS.

P < .05 as compared (@ Carevent ALS and Medumat Easy:
RT = respiratory theruapist

MD = emmergency phiysician

o Ergonomy evaluation may help to choose an disaster
ventilator.

« Oaly the Pneupac VR! and VAR-Pius have adjustable
P, though all the tested ventilators can be connected to
compressed aii instead oxygen.

Disaster may create thousands of critically ill patients
requiring mechanical ventilation and may force difficalt
allocation decisions when demand greatly exceeds sup-
ply.® Most critical care units routinely function at or near
capacity,'? and thus have very limited capability for disas-
ters.11-12 Certain shortages can be prevented by stockpit-
ing, but many medical supplies are maintained only in
quantities sufficient for daily operations, so stepwise
changes in resource use may be necessary to maintain the
best possible care for the resource scarcity, as suggested
by the Task Force for Mass Critical Care.” For several
complex, durable devices, such as ventilators, there are
few acceptable alternatives.'>!? In some circumstances,
temporizing measures such as manual ventilation with bag/
valve/mask may be adequate, but such strategies will prob-
ably be inadequate for disasters that necessitate days of
ventilatory support, so small, low-cost ventilators (“‘resus-
citators”™) such as those we evaluated may be of major
interest and may substantially increase the ability to treat
disaster patients.

Stockpiled mechanical ventilation equipment for mass
casualties should have broad utility. The ideal ventilator
will meet the anticipated requirements of adults and pedi-
atric victims with various pathologies, with patients with
or without preliminary pulmonary conditions; should be
safe to operate (ie, technically efficient but aiso ergonom-
ic); and should be inexpensive fo purchase and maintain.'*

RespiraTORY CARE e June 2011 Vor 56 No 6

If several disaster and transport ventilators evaluations are
already available, we choose {0 concenirate our stady on
smalier ventilators, on the assumption that a smaller ven-
dilator should be easier and more efficient to stockpile and
possibly be more argonomic.

The pressure-cycled ventilators we tested, Oxylator EMIX
and VAR-Plus, have been proposed for emergency and
short-term ventilatory support in mass-castialty scenarios,
but there are few reports of their successful use.!s After
hurricane Katrina, the Vortran WV AR-Plus could be used
only with patients who had nonpulmonary reasons for me-
chamical ventilation (eg, bead injury).'® In a laboratory
evaluation,!? the VAR-Plus was recommended for emer-
gency ventilation only with great caution, because of its
variable performance under changing load: minute venti-
fation ranged from zero to 9.8 Limin, resulting in a cal-
culated P g, range of over 16 to 100 mm Hg, never in the
normal range. Our study, as others,'® confirms the major
influence of compliance and resistance on Vo with VAR-
Plus and Oxylator EMX. Since Ve may change with these
ventilators according to the patient’s condition, continuous
monitoring will be mandatory with VAR-Plus or Oxyla-
tor EM¥X, though we do not know what monitoring will be
available (end-tidal carbon dioxide? blood gases?). More-
over, we observed recurrent operation faiiures with VAR-
Plus, which stopped working and restarted without alarm
or warning. Others!'7-* have found that such technical fail-
ure can severely impair a hypoxemic patient’s condition.
Another cautionary note about these pressure-cycled ven-
silators is that the user cannot set the PEEP, and since
PEEP is critical in the management of acue respiratory
distress, this rules out these ventilators for stockpifing.

Delivered Vo, was accurate and consistent with the
Carevent ALS and Medumat Easy volume-cycled ventila-
tors. The EPV100 and Pneupac VR had Vi variability of
&—11%, but always below the set limit. This difference
was not due to crossing the pressure limit threshold, nor to
the inability of the driving system to generate the required
pressure. It may, however, be explained either by the com-
pressible volume of the ventilator circuit, or most certainly
by the ventilator design. The influence of resistance and
compliance on delivered Vy with the EPV100 and Pneu-
pac VR1 could be considered clinically minor, so weé con-
sider EPV100 and Pneupac VR1 adequate as disaster ven-
titators. Some researchers think EPV100 and Pneupac VR1
should not be proposed as a first alternative to standard
emergency ventilators, given the lack of monitoring with
EPV100 and Pneupac VR, but, in fact, V.- reliability
with these ventilators may be substantially highes than that
with standard emergency ventilators.® The important dif-
ference between these disaster ventilators and standard
emergency ventilators is the absence of discopnection
alarms, which is, of course, a major patient-safety issue,
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hut not less than a reliable delivered V. that is independent
of the patient’s characteristics.

A disaster ventilator’s autonomy (gas consumption and
electrical supply) must be considered. 1deally, it should
have minimal gas consumption,® because in a mass-casu-
alty event the oxygen demand will suddenly increase, while
oxygen supply resources may be eliminated.?! The ability
to set the Fi5_and to use compressed air instead of pure
oxygen is also important, Only the Pneupac VR1 and VAR-
Plus have Fiy_ settings, but ail the tested ventilators can
use compressed air or oxygen. The voiume-cycled venti-
lators had much lower gas consumption: $0—115 min of
ventilation on a full E-size oxygen cylinder, as compared
to 30-77 min with most standard emergency veatilators.®
Without considering other potential technical drawbacks,
we conclude that pressure-cycled ventilators should be
avoided because of their high gas conswmption.

All of the tested volume-cycled ventilators have a single
control for Vo and respiratory rate, which enables quick
set-up. However, with most disaster ventilators these stan-
dardized settings are few and certainly not in accord with
modern ventilation standards: for example, huge V. plus
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fow respiratory rate rather than small Vo and high respi-
ratory rate,22 This problem could be importan{, especially
in small adults and pediatric patients, whereas low V. is
probably the most impertant feature of lang-protective ven-
tilation.” Monitoring in that situation will require clinical
supervision, but may be assisted by capuometry, which
substantiaily increases the cost and complicates the use,
but may allow adequate ventilation and satisfactory patient
safety.

Increasing the number of ventilators available for a mass-
casualty response also requires increasing human resources
to care for ventilated patients. This human resource issue
is a key factor in veniilator selection—of no less impor-
tance than the ventilator itself. An ideal disaster ventilator
shouid be intitive and easy to use,” so that less-trained
persennel can use it. The more ergonomic and user-friendly
the ventilator, the safer the patients should be, because
less-trained staff may be able to manage ventilation 1ssues
and alarms. Few studies have dealt with the importance of
erganomy and user-friendliness of eritical care, emergency,
or home-care ventilators,?-2 and none with that of disas-
ter ventilators. This evaluation is important, to identify and
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address problems that may occur in stressful field use by
less-tratned personnel. In many cases, the ventilator-task-
failure rate may be substantially improved by very simple
design modifications. Ventilation-setting modifications
were significanily shorter with the Oxylator EMX
(P = .006), mainly because only a modification of the
pressure is possible, and the respiratory rate depends only
on the flow; there are no other adjustable settings, The
EPVI00 seemed less ergenomic than the other volume-
cycled ventilators to both the respiratory therapists and the
emergency physicians. This difference, which is muach more
important o the overal! task-fatlure rate, was duz mainly
to difficulties in trying o shut down the alarms, which is
a function that is unavailable with the other ventilators.
Our subjective user-friendliness assessment found several
important differences, though the differences between in-
dividuals are difficult to explain. These findings, taken
together with the individual test durations for each venti-
lator, aliow a better-informed choice of disaster ventilator,
depending of the main objective for its use and the field of
operation. A closer relationship between end-users and
manufacturers should be promoted during ventilator de-
velopment, based on scientific evaluation of users’ cogni-
tive processes in the clinical setting.

Limitations

The main limitation of this study is that it did not in-
volve patients. However, we simulated various situations
and combinations that can be encountered in the clinical
field. Until now, disaster ventilators have not been con-
sidered adequate for use in such a setting of interest'®
because of their lack of evaluation. We believe our bench-
test results at least allow reconsidering that position.

Second, concerning our ergonomy and user-friendliness
assessment, though the profile of our test participanis is
representative of Canadian emergency physicians and re-
spiratory therapists, we cannot necessarily extrapolate our
results to other users such as intensive-care physicians,
emergency physicians in other countries, or emergency
nurses.

Third, concerning ergonomy and user-friendliness, our
objective was not to describe the full extent of the diffi-
culties clinicians may face with disaster ventilators, but,
rather, to evaluate potential ventilator-operation task-fail-
ures that might occur in a mass-casualty situation where
Luman resources are overwhelmed. Thus, we blinded our
test participants about their use, did not give them prior
access to the ventilator manuals, and they received no
explanations about the ventilators. Of course, clinicians
should be trained before using a new ventilator, but in a
disaster situation there may be no training or the training
may be cursory, so we replicated that sitnation. Moreover,
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some clinicians have few opportunities to use ventilators
and may therefore forget some of their training.

Conciusions

We found a huge heterogeneity of performance, gas
consumption, and ergonomy in the 6 tested ventilaiors.
The Oxylator EMX and VAR-Plus pressure-cycled venti-
lators should be ruled out because of unreliable and un-
predictable performance, especially given that monitaring
{eg, end-tidal carbon dioxide) may not be available in a
mass-casualty situation. The Carevent ALS and Medumat
Easy volume-cycled ventilators were technically efficient
and reliable; their gas consumption was Iess than that of
conventional emergency ventilators. We believe that the
reliability, portability, and ease of use of these disaster
ventitators males them valuable for mass-casualty events.
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