A Bench Study Comparison of Demand Oxygen Delivery Systems
and Continuous Flow Oxygen
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BACKGROUND: Currently available methods for conserving oxygen include transtracheal cath-
eters, reservoir cannulae, and demand oxygen delivery systems (DODS). DODS do not deliver
oxygen during exhalation, and most models do not deliver oxygen during portions of the inspiratory
cycle. To determine selected performance differences between DODS models and continuous flow
oxygen (CFO), we conducted a bench model evaluation of 7 DODS models and CFO. METHODS:
A bench model was constructed to simulate a nose, airway, and alveolar chamber. A linked ven-
tilator drove the alveolar chamber to generate 3 respiratory patterns, at frequencies of 15, 20, and
26 per minute. DODS and CFO were tested at settings of 1, 2, 4, and 6 L/min. The fraction of
inspired oxygen (Fo) in the alveolar chamber was measured for each condition. Oxygen use
efficiency (OUE) was calculated for each device by determining oxygen in the alveolar chamber/
oxygen used by the device. RESULTS: The DODS models differed with regard to flow delivery
profile. Supplemental oxygen (fo, increase over 21%) for CFO declined markedly (43%) with
increasing frequency, and was better maintained for the DODS models (average of 10% decrease).
DODS that deliver an early inspiratory pulse tended to maintain Fe, with increases in frequency
and to be more efficient with oxygen use. OUE was 21% for CFO, and ranged from 42% to 100%
for DODS models. CONCLUSIONS: DODS models were not equivalent to CFO or to each other in
Fio, or OUE. DODS conserve oxygen and may maintain 5, better than CFO when respiratory
frequency increases. DODS models differ and may require setting adjustments to achieve equiva-
lent F,o, to CFO or to other models. To optimally customize oxygen therapy to the patient, the
DODS model or CFO should be set to meet adequate saturation goals (,90%) under conditions

of usual use, including rest and exercise[Respir Care 1999;44(8):925-93Key words: demand
oxygen delivery systems, continuous flow oxygen, oxygen use efficiency.

Introduction tion*2 and the reserved oxygen is inhaled at the onset of
the next inhalation. A reduced flow setting thus conserves
Although most oxygen therapy is administered as con- a significant amount of oxygen. Demand oxygen delivery
tinuous flow oxygen (CFO), 3 methods of oxygen conser- systems (DODS) interrupt the flow of oxygen during ex-
vation have come into use. Transtracheal catheters delivernalation, when the oxygen flow is otherwise mostly wasted.
oxygen directly into the trachea, requiring approximately DODS either pulse oxygen early in inhalation or provide
half the oxygen of a nasal cannula system to provide equiv- oxygen flow throughout inhalation. DODS use standard or
alent oxygen saturationReservoir cannulae have a res- modified nasal cannulae, and are set with “CFO equiva-
ervoir near the nose that fills with oxygen during exhala- |ent” settings. The use-time of portable devices can then be
extended, and/or smaller, lighter devices can be used. Tran-
- stracheal catheters and reservoir cannulae have found rel-
Peter L Bliss BME, Robert W McCoy RRT BSM, and Alexander B atively low acceptance compared to DODS. First available
Adams RRT MPH are affiliated with Regions Hospital, Pulmonary Re- in the 1980s, there were 18,000 DODS in use in 1984d
search, 640 Jackson Street, St Paul, Minnesota. approximately 80,000 units (industry estimate) were put
Mr Bliss presented a version of this paper at the American Association iNto service in the United States in 1998.
for Respiratory Care Open Forum during the 44th International Respi- ~ The various DODS models interrupt exhalation-phase

ratory Congress, November 7-10, 1998, in Atlanta, Georgia. oxygen flow by different methods, thus producing differ-
Correspondence: Peter L Bliss BME, 3953 W 143rd St, Savage MN €Nt flow prOf”e_S- DODS flow is no_t the same as CFO, so
55378. E-mail: pbliss@inspiredrc.com. controversy exists as to the “equivalence” of DODS and
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NASAL CANNULA Several difficulties are apparent in comparing DODS to
CFO. The variability and lability in patients’ breathing
patterns make it difficult to control for and compare pos-
MACP;II;gDn’;LI\l)OSE" sible differences in oxygenation or exercise tolerance be-
tween DODS and CFO. Also, arterial oxygen saturation,
which is often the outcome variable in comparison studies,

OXYGEN 0, DELIVERY
SOURCE DEVICE

DRIVING

VENT ARTIFICIAL shows small changes for large changes or differences in
RESISTANGE LFTNG BAR 20 Rty Fio, OF arterial oxygen tension (B). In studies comparing
$ / (125 mL) DODS with CFO, the initial CFO setting might be titrated
i with little or no effort to optimize it. It is possible that in
T TS studies in which oxygen savings over CFO were reported,
v a small reduction in the CFO prescription may have also
PP realized oxygen savings without adverse effect on arterial
oxygen saturation. Similarly, in studies that found DODS
Fig. 1. Schematic of the demand oxygen delivery system/contin- to be inferior to CFO at exercise, settings equivalent to
uous flow oxygen (DODS/CFO) evaluation system. ID = internal CFO were used:10 It is possible that simply increasing

di ter. .
ameter the DODS setting would have created equal or better re-

sults while still saving oxygen.
Given the delivery differences between DODS and CFO,

CFO settings. Each DODS manufacturer uses a|gorithms“equivalent” settings present difficulties in clinical com-
based on certain assumed breathing patterns to create CF@arisons. We devised a test lung model constructed to
equivalent settings for their model. While DODS may func- €valuate differences between DODS and CFO during three
tion similarly to CFO under the assumed conditions, they Simulated breathing patterns. Differences found in a con-
may deviate from equivalence with other breathing pat- trolled setting, without anatomic, physiologic or other

terns. Thus, clinical studies have shown DODS to produce clinical variables, might help to explain clinical nonequi-
similar results to CFO3-¢but there are studies that report  Valence and might enable more knowledgeable setting
differenceg’-10 of DODS to meet oxygenation goals and realize oxygen

savings.
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Fig. 2. Flow waveforms for low (f = 15/min), medium (f = 20/min), and high (f = 26/min) respiratory frequency breathing patterns. Vt = tidal
volume. Ti = inspiratory time.
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Eﬁ ”I Venture I — Fig. 4. Fraction of inspired oxygen (F,o,) measured for each de-
% ——— ==es - mand oxygen delivery system (DODS) model and continuous flow
= oxygen (CFO) during the 3 breathing patterns shown in Fig. 2, as
0 I DOC-2000 Ii’” 7 driven by the. linked ventilator. Continuous flow oxygen (CFO) was
set at 2 L/min, and the DODS models were set at 2.
I CR-50 I Minnesota). Oxygen used was also measured by integrat-
, m— N ing the flow, using the TSI flow meter, &, in the alveolar
chamber was measured by an oxygen analyzer (model
' I 02 Ad I . OM-25A, Ceramatec Inc, Salt Lake City, Utah) for each
. vantage — . . .
s - — breathing pattern, at 1, 2, 4, and 6 L/min settings for each
_h. DODS and for CFO.
— "IContinuous Flow I*; Since oxygen use andd: vary be_tween devices, an
e = oxygen use efficiency (OUE) calculation was developed to
W evaluate the ability of each DODS model to both deliver
Time and conserve oxygen. The OUE considers the amount of

supplemental oxygen in the alveolar chamber (as mea-
Fig. 3. Oxygen delivery flow profile for each demand oxygen de- ppd iaE | };g to th t of (d f
livery system (DODS) model, measured at a setting of 2, respira- sured via |02) relative to the amount of oxygen used from

tory rate = 20/min, and inspiratory-expiratory ratio (I-E) = 1:2. The the source.
Impulse Select model DODS has 2 modes (A and B).

supplemental oxygen in test lung

OUE =
oxygen used from source

Equipment and Methods

Seven currently available DODS models (described in ) = (Fio, = 0.23) X (V1 — Vp) X ¥o.70
Appendix 1), and CFO, were evaluated using a mechanical Vo,
lung model. The model was constructed to simulate a nose,
conducting airways, and an alveolar chamber (Fig. 1). The Where \4 = tidal volume (mL), \\; = dead space volume
conducting airways and nose represented a dead spacémL), Vo, = oxygen used from source per breath (mL),
volume of 150 mL. The apparatus was connected to aand Fy, = oxygen concentration measured in test lung.
“respirating” limb of a test lung (Michigan Instruments, Appendix 2 shows the derivation of the OUE calcula-
Grand Rapids, Michigan), driven by a linked ventilator tion. The overall OUE was calculated by averaging the
(LP-6, Aequitron Medical, Plymouth, Minnesota). Three values for each of the 3 breathing patterns and the settings
respiratory patterns were generated by the ventilator, rep-of 1, 2, and 4 L/min (setting 6 was not included because
resenting low (f= 15/min), medium (f= 20/min), and not all models have setting 6).
high (f = 26/min) respiratory rate conditions, with tidal
volume (V4) = 500 mL, and inspiratory-expiratory ra- Results
tio = 1:2 (Fig. 2). Prior to the f5, testing, the oxygen flow
profile output from the DODS models were measured by  The oxygen delivery flow profiles are shown in Figure
an electronic flow meter (model 4040, TSI Inc, St Paul, 3. There were clear differences in flow profiles between
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Oxygen Use Efficiency

Fig. 5. Calculated oxygen use efficiency for 7 demand oxygen delivery system models and continuous flow oxygen.

DODS models; therefore, the models were identified as Discussion
three types: pulse, demand and hybrid. The Impulse Se-
lect, Oxymatic 301, and EX-2000 models deliver an early
inspiratorypulseof oxygen at a flow rate higher than the
“equivalent” rate (setting in L/min). The Venture and DOC-
2000demandmodels deliver flow at the “equivalent” rate
during most of the inhalation phase, as if in response to
inspiratory demand. The CR-50 and O2 Advantage models
are hybrid models with an early inspiratory pulse and a
subsequent “equivalent” flow period.

Figure 4 shows the 5, measurements for the 2 L/min
setting. At settings of 1, 4, and 6 L/min, the devices dis- Pooling
played similar k5 response to changing breathing pat- _ . .
terns. There were differences between CFO and the DODS  The higher f,_ delivered by CFO at the lower respira-
models in absolute values ofJ and in patterns of re- tory frequency can be explained by an anatomic reservoir,
sponse to increasing respiratory frequency. The ¥al- allowing pooling of oxygen from the end of the last ex-
ues for CFO declined markedly with increasing frequency, nalation. This pooling would occur if a potential chamber
while F,o, for the DODS models was maintained or de- (nose) eX|_sts and_ e_nd-explratory_flow from the patient has
clined sliahtly. Supplemental oxygen (F increase over ended or is negligible. End-expwato_ry flow would ﬂus_h
21%) decreased 43% from low to higzh respiratory fre- the reservoir. In our model, as respiratory frequency in-

quency for CFO. Pulse DODS models increased an aver-frezsetd' th|3 effzct dr']ml'nt'_Shed’ since etxplrai[\_tory flr?wtex—
age of 2%, demand models decreased 27%, and hybridgn S C()lelar |:e)r(l)[-)esxda|? |0nda|s explr?horycllzng stlor ens.
models decreased 18%. emand type elivered lowefrthan atlow

Figure 5 shows the calculated OUE values. All of the respiratory frequency, and nearly the same at high fre-

DODS models tested provided more efficient oxygen de- quency. The pooling effect would explain this.

livery than CFO. The DODS displayed a wide range of pjution

efficiency values, and the pulse DODS models tended to

achieve higher efficiency values than the demand or hy-  With increasing respiratory frequency, the increase in
brid models. minute ventilation dilutes the oxygen dose from CFO. The

In this controlled-setting comparison of DODS models
and CFO we found differences in absolute values gf F
and patterns of response to increasing respiratory rate.
Two previous studies comparing DODS models have found
performance differences between modeis\We now re-
port differences between models currently available that
associate their flow delivery profiles with oxygen delivery
and oxygen conservation. This can be explained by 3 fac-
tors: pooling, dilution, and timing of oxygen delivery.
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pulse DODS models deliver the same volume of oxygen devices and CFO. It is clear that further investigation of
per breath regardless of frequency. This could explain the DODS is necessary, particularly in the clinical setting.
flatter Fo, response to increasing respiratory frequency

with the pulse DODS models. Shortened inspiratory time Conclusions

might reduce dosing with the demand and hybrid models. .

The response of g, to increasing frequency is not as well As use of DODS spreads, a thorough understanding of

maintained with the demand and hybrid models as with the their operation and appropriate application becomes in-
pulse models. creasingly important. In this bench study comparison of

DODS models and CFO, we found differences that may be
Timing of Oxygen Delivery relevant to clinical practice. DODS models were not equiv-
alent to CFO or to each other ind: delivery or OUE.
The observed efficiency was also partly determined by _ All 7 DODS models conserved oxygen (compared to
the timing of the oxygen delivery. Assuming bulk gas CFO)and maintained a more constapy fwith increasing
flow, the final 30% of an inspiratory volume would oc- "espiratory frequency than did CFO. The pulse DODS

cupy dead space (150 mL dead space, 500 m. Vf models tended to conserve more oxygen and maintain a
oxygen is delivered early in the inspiration, it is more mo(rje lconstant b, than the demand and hybrid DODS
models.

likely to reach the alveoli, which would explain the higher . . o
efficiency of the early delivery pulse type DODS. Late Further testing of DODS should include titration of set-
inspiratory oxygen may just occupy proximal, dead space tings under a range of conditions to attain adequate satu-

regions, so a demand type DODS that delivers oxygen ration while evaluating oxygen savings. To customize ox-
during the later portion of inhalation would be less effi- Y9en therapy to the patient, the DODS model or CFO

cient than a pulse type, which delivers only during the Should be set to meet adequate saturation goals>(ie,

early portion of inhalation. There are 2 hybrid devices: one 90%) under conditions of usual use, including rest and
that delivers throughout inhalation is less efficient than EX€rcise.
one that shortens delivery to a portion of inhalation. The
differences in efficiency values are striking. The values

imply that approximately 20% of the CFO reaches the 1. YaegerES, Goodman S, Hoddes E, Christopher KL. Oxygen therapy
alveolar chamber, while with some of the DODS models, using pulse and continuous flow with a transtracheal catheter and
almost 100% of the ox_yg_en_reaches t_he alveolar chamber. 2. r;:;i:afir::nLIJEI»?Jr&l?stvtgg?u?s(;)fftgsgen conserving methods

There are several limitations of this bench study that for adults (review). Chest 1994:105(1):248-252.
suggest caution in extrapolating the findings to the clinical 3. Yuan LC, Jun Z, Min LP. Clinical evaluation of pulse-dose and
setting. First, this study does not account for the wide  continuous-flow oxygen delivery. Respir Care 1995;40(8):811-814.
variability in breathing patterns. Only 3 breathing patterns 4 TP BL, CarterR, Nicotra B, Berry J, Phillips RE, Otsap B. Demand
were tested at 4 flow settings—hardly the full range of %Xgr?:? RdeT";’:r?{(igugng.exerc'se' Chest 1987,91(1):15-20.

e . . , , Djahed B, Hathaway E, Nicotra MB, Tiep BL.
clinical use. The breathing patterns tested are not neces-  pemand oxygen delivery for patients with restrictive lung disease.
sarily representative of other conditions such as sleep, vig-  Chest 1989;96(6):1307-1311.
orous exercise, or restrictive lung disease. For example, 6. Garrod R, Bestall JC, Paul E, Wedzicha JA. Evaluation of pulsed
triggering-sensitivity of DODS may be an important issue dose oxygen delivery during exercise in patients with severe chronic

. . . . . e obstructive pulmonary disease. Thorax 1999;54(3):242-244.
when breathing is shallow. Device triggering sensitivity 7. Hagarty EM, Skorodin MS, Langbein WE, Hultman CI, Jessen JA,

was not quantified in this StUdY_- Second, our lung mO(_jeI Maki KC. Comparison of three oxygen delivery systems during ex-
represents only some mechanical aspects of ventilation. ercise in hypoxemic patients with chronic obstructive pulmonary
Flow through a machined nose and smooth bore tubing  disease. Am J Respir Crit Care Med 1997;155(3):893-898. .
may not produce the gas mixing characteristics of the hu- 8. Braun SR, Spratt G, Scott GC, Ellersieck M. Comparison of six

. oxygen delivery systems for COPD patients at rest and during ex-
man airway. Furthermore, the model cannot represent the ~c "~ 1992:102(3):694—698.

distribution of oxygen throughout the lungs or its adsorp- g, Rroberts CM, Bell J, Wedzicha JA. Comparison of the efficacy of a
tion by the blood. Ventilation/perfusion relationships and demand oxygen delivery system with continuous low flow oxygen in
gas distribution differ between patients and bear on oxy- _subjects with stable COPD and severe oxygen desaturation on walk-
gen delivery. Finally, since no oxygen was consumed in __ In9- Thorax 1996,51(8):831-834. :

e 10. Dawson AD, Elias DJ, Keesling L, Averell P. Comparison of oxygen
0!’" setup, the actual '(Ez measgr_ements are_ artificially conserving devices during exercise in hypoxemic patients with in-
high and cannot be used for clinical comparison. Never- terstitial lung disease (abstract). Am J Respir Crit Care Med 1998;

theless, the model highlights differences between DODS  157(3):A95.
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Appendix 1

Devices Tested
Unless otherwise noted, all devices use a standard nasal cannula and operate on alkaline batteries.

Impulse Select. Airsep Corporation (www.airsep.com), Buffalo, New York. Airsep manufactures 2
demand oxygen delivery systems: the Impulse and the Impulse Select. We tested the Impulse
Select. In operation mode A, the device operates similar to the CHAD Oxymatic 301 (see below),
delivering a 35 mL pulse at every breath when set at 4, skipping breaths at lower settings. At
settings 5 and 6, the pulse is larger. In operation mode B, the device operates similar to the
DeVilbiss EX2000, delivering fixed flow rate (12 L/min) pulses of longer duration with increasing
setting. Includes built-in high pressure regulator for use with cylinder. The /mpulse model operates
similar to the CHAD Oxymatic 301.

Oxymatic 301. CHAD Therapeutics Inc (www.chadtherapeutics.com), Chatsworth, California.
Delivers a fixed volume pulse (approximately 38 mL) of oxygen at the onset of inhalation. At
setting 4, delivers every breath. At settings 3, 2, and 1, delivers on 3 of 4, every other, and every
fourth breath, respectively. Uses any 20 psi oxygen source with a 4 L/min flow control.

EX-2000. DeVilbiss, a division of Sunrise Medical Inc (www.sunrisemedical.com), Somerset,
Pennsylvania. Integrated high pressure regulator and conserving device that fits around the post
valve of a high pressure cylinder. Delivers a pulse at 10 L/min at the onset of each inhalation. On
time is varied from 0.050 to 0.6 seconds, depending on the setting. DeVilbiss also manufactures a
liquid oxygen portable system with a similar demand oxygen delivery system built in.

Venture. Invacare Corporation (www.invacare.com), Elyria, Ohio. Connects to a standard fixed
orifice regulator or liquid system. Delivers externally set “equivalent” flow rate for 1.0 seconds
beginning at the onset of each inhalation. Rechargeable internal battery or AC adapter.

CR-50. Nellcor Puritan Bennett Corporation, a division of Mallinckrodt Inc (www.nellcorpb.com),
St Charles, Missouri. Integrated high pressure regulator, flow control and demand valve that
mounts directly to a high pressure cylinder. Delivers a 12 mL bolus at the onset of each inhalation,
then continues to deliver at the set flow rate (1-6 L/min) until the end of inhalation. Uses dual
lumen cannula. Settings of 0.25, 0.50, and 0.75 L/min are automatically delivered in a continuous
flow oxygen mode. Pneumatic (no battery). Nellcor Puritan Bennett also manufactures a liquid
oxygen portable system with a similar demand oxygen delivery system built in.

DOC-2000. Transtracheal Systems (www.transtracheal.com), Englewood, Colorado. Connects to
a standard fixed orifice regulator or liquid system. Delivers externally set “equivalent” flow rate
for 0.7 seconds beginning at the onset of each inhalation. Similar in function to the Invacare
Venture. DOC-2000 is the only device that delivers continuous flow oxygen in the event of power
failure, battery depletion, or apnea. Rechargeable, replaceable external battery or AC adapter.

02 Advantage. Western Medica (www.westernmedica.com), Westlake, Ohio. Connects to a
standard fixed orifice regulator or liquid system. Delivers a small bolus at the onset of inhalation
and continues to flow at the externally set “equivalent” flow for a set portion of inhalation. Device
can be set with internal switches to deliver for 33, 40, 50, or 70% of measured inspiratory time.
Uses dual lumen cannula. Factory setting of 40% used in this study.
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Appendix 2

Oxygen Use Efficiency Calculation

vt Tidal Volume (in mL)
Vb Dead Space Volume (in mL)
Vo, Volume of Oxygen Used from Source (mL per Breath)

Vo,T Volume (in mL) of Oxygen Contained in Tidal Volume
Vo,L Volume of Oxygen Entering Alveolar Chamber (mL per Breath)

VAR Volume of Air Entering Alveolar Chamber (mL per Breath)
Flo, Fraction of Inspired Oxygen Measured

Define:
Oxygen Use Efficiency = Vo,1/Vo, )

Mass balance assumptions:

Vr=Var+Vo,.+ VD (2)
Vo,1= V1 xF10, =0.21 x VAR + VD X Fi0, + Vo, (3)

Solve equation (3) for Vo,L:
Vo,L=Vr x F10, —0.21 x VAR — VD * F10, 4)

Solve (2) for V a1r. Substitute into equation (4) and simplify:
Vo,L = V1 % Fi0, = 0.21 x (V1= Vp - Vo,1) — VD * Fio,
Vo,1.—0.21 x Vo,L = (V1 - VD) % Fi0, = 0.21 x (V1 - VD)

1
Vo,L=(V1- VD) x (Fi0, - 0.21) x /g.79 (5)
Substitute equation (5) into equation (1):

i
(VT-VD) * (Fio, - 0.21) x /979

Oxygen Use Efficiency =
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