
Accuracy of a Novel System for Oxygen Delivery to
Small Children

WHAT’S KNOWN ON THIS SUBJECT: Oxygen is an effective
treatment, but its availability is limited in some settings,
particularly in developing countries. Entrainment devices offer
promise for simplifying oxygen delivery, decreasing the cost of
oxygen therapy, and increasing its availability.

WHAT THIS STUDY ADDS: Entrainment devices can be used to
deliver specific oxygen concentrations to infants and small
children. With appropriate delivery systems, these devices can
deliver blended gas with accuracy and precision at the low flows
required by infants and small children.

abstract
OBJECTIVE: Oxygen therapy for infants and small children in develop-
ing countries is often not available. Entrainment devices may provide
an accurate and precise concentration of oxygenwhen used at the flow
rates appropriate for infants and small children.

METHODS: A continuously adjustable entrainment devicewas tested to
determine the concentrations and flows of oxygen delivered by using
low inlet flow rates suitable for therapy for infants and small children
and 3 distinct oxygen delivery systems that varied in their resistive
load.

RESULTS: The use of long and large bore, low resistance tubing (sim-
ilar to a mask) resulted in the delivery of oxygen concentrations that
tracked closely (accurate and precise) to values indicated by the en-
trainment device. The directly connected system with lower resistance
(similar to a hood) produced a similar profile of concentrations and
flow rates to the large bore tubing but with even greater accuracy. The
use of a long and narrow tubing with higher resistance (similar to a
cannula) did not deliver accurate oxygen concentrations. In fact, this
high-resistance system failed to work as intended, and instead of en-
training air, a large proportion (sometimes �50%) of the oxygen de-
livered to the entrainment device was ejected through its vents.

CONCLUSIONS: Entrainment devices can deliver accurate oxygen con-
centrations at low flow rates if used with low resistance delivery sys-
tems; however, entrainment devices are not suitable for use with high
resistance delivery systems such as a standard nasal cannula.
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Mortality rates of infants and children
younger than 5 in many developing
countries in sub-Saharan Africa and
southeast Asia are�10 times those of
developed countries.1 Pneumonia is
the leading killer of infants and chil-
dren in the developing world.2 Many in-
fants and children with pneumonia
and other conditions need oxygen ther-
apy to promote survival.3 In the devel-
oped world, oxygen is delivered with
blenders that mix compressed oxygen
and compressed air to provide accu-
rate and precise concentrations and
flow rates. Use of these blenders in de-
veloping countries is hindered by mul-
tiple factors including cost, mainte-
nance, and lack of local availability of
compressed air. These blenders are
expensive and somewhat complex,
which further limits their use in devel-
oping countries.

Compressed oxygen cylinders are
readily available in most areas of the
world and are transportable to remote
areas with difficulty. Both the oxygen
cylinders (100% oxygen) and oxygen
concentrators provide near-pure oxy-
gen (up to 95%), although perfor-
mance varies considerably among
brands.4 Medical oxygen in the devel-
oping world produced by portable oxy-
gen concentrators is increasingly
common; however, cost and a consis-
tent supply of electricity are limiting
factors.5,6 However, prolonged treat-
ment with higher-than-needed concen-
trations of oxygen is not appropriate
early in life because of the potential
risk of blindness, death, cerebral
palsy, and other conditions.7–9 It would
be desirable for oxygen therapy in
these low technology environments to
have a source of oxygen with adjust-
able concentrations ranging from
near atmospheric (21%) to pure oxy-
gen (100%) concentrations at varying
flow rates.

Low-cost devices for blending com-
pressed oxygen and ambient air exist

for use in home-based and hospital-
based oxygen therapies for adults and
older children. These devices are typi-
cally part of an apparatus that in-
cludes a mask and noncollapsible
large bore tubing10 and have been in
common use since they were first de-
veloped in the 1960s.11–14 These devices
use a small diameter jet of com-
pressed oxygen to entrain (draw in)
room air through an orifice. The ratio
of entrained air to compressed oxygen
emitted from the jet can be varied by
altering the diameter of the jet (and
thus the speed of the jet) and/or the
size of the entrainment orifice.15,16

These devices are generally specified
by the manufacturer for use with inlet
flow rates of�4 L/minute.17,18 This pro-
duces outlet flow rates that are gener-
ally much higher than those required
to treat infants using oxygen masks.
Waste is a serious concern in develop-
ing countries where oxygen supplies
are constrained; therefore, optimiza-
tion of oxygen inlet flow is vital to in-
creasing the availability of oxygen
therapy.

This study was designed to examine the
accuracy and precision of high flow en-
trainment devices at low inlet flow rates
(�1 L/minute ) to evaluate their feasibil-
ity to provide oxygen therapy to infants
and small children in developing coun-
tries. We tested the entrainment device
with 3 delivery systems to examine the
effect of size and length (delivery circuit

resistance) on performance of the en-
trainment device: (1) a narrow long tube
that simulates a nasal cannula; (2) a
short connector that simulates an oxy-
gen hood (head box); and (3) a large
bore long tube that simulates an oxygen
mask.

METHODS

Background research was done to
compare various currently available
entrainment devices at 1 L/minute.
This low flow rate was chosen because
it would provide suitable outlet flows
for infants and children at many con-
centrations and was sufficiently lower
than previously tested values. The Fi-
scher and Paykel RT0008 device (Hun-
tington Beach, CA) was chosen for eval-
uation in this study. It is an example of
a continuously adjustable entrainment
device commonly referred to as a
“Venturi.” It should be noted that en-
trainment devices do not work by the
Venturi effect but instead work by the
principle of jet mixing; air entrainment
occurs through viscous shearing ef-
fects.19,20 The device is designed to de-
liver oxygen concentrations from 28%
to 90% with an oxygen supply between
4 and 15 L/minute. This variability of
concentration is provided by sliding a
plastic guard across the upper part of
the main body, which surrounds the
“Venturi” jet. This allows for continu-
ous manipulation of the entrainment
orifice area (Fig 1).

FIGURE 1
Rendering of the entrainment device connected to the large bore tubing that was used for these
experiments. 1, inlet for oxygen supply line; 2,“Venturi” jet; 3, plastic assembly that consists of sliding
guard that adjusts the size of the entrainment windows; 4, mixing area; 5 and 6, connections and
tubing (vary for other systems).
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To measure the oxygen concentration
and flow rate, a Puritan-Bennett
PTS2000 tester (Carlsbad, CA) was set
up downstream from the outlet of the
entrainment device to measure the ox-
ygen concentration and flow rate deliv-
ered by the entrainment device by us-
ing 3 different delivery systems
designed to simulate: (1) an oxygen na-
sal cannula (91 cm long in noncollaps-
ible with a �2.5 mm internal diame-
ter), (2) an oxygen hood (short, direct
connection to minimize resistance),
and (3) an oxygen mask (61 cm long,
noncollapsible ribbed tube with an in-
terior diameter of�12.5 mm). The lat-
ter 2 systems have substantially lower
resistance than the nasal cannula-like
system and are compatible with a
mask, head box, or similar device but
not with a standard cannula.

Standard wall oxygen supply (50 psi)
was used for the experiment. It was
run through a Bird Low Flow Air/O2
blender (San Diego, CA) set to 100%
oxygen at 1 L/minute. Using wall air
and oxygen, a 2-point calibration was
performed on the Puritan-Bennett tes-
ter. The flows were measured, and the
blender’s regulatormanipulated to de-
liver the desired flow. This fine-tuning
of the flow was repeated each time the
setup was altered.

The flow rates were observed for 30
seconds until they had stabilized. The
manufacturer’s stated accuracy for
oxygen concentrations and flow mea-
surements with the PTS2000 is �2%
with a 95% confidence level. The test-
ing locationwas at�195meters above
sea level at 24°C and indoor humidity
of �50%. For each of the 3 delivery
systems, data were recorded with 5
replicates for each of the 9 oxygen
concentrations (entrainment device-
indicated oxygen concentration) to ex-
amine accuracy and precision (a total
of 27 sets of 5 replicates). Means and
confidence intervals were calculated
for each configuration.

RESULTS
Oxygen concentrations delivered by
each of the systems approximated the
oxygen concentrations indicated at
the entrainment device (Fig 1). When
the entrainment device was set to de-
liver�40% oxygen, the absolute differ-
ence between the delivered and the in-
dicated oxygen concentrations was
�4% for both the direct connection
and the large bore tubing delivery sys-
tems. When the entrainment device
was set to deliver �40% oxygen, the
direct connection setup had� 3% dif-
ference, whereas the large bore tubing
resulted in absolute differences of up
to 9% (Fig 2). The cannula-like system
delivered average oxygen concentra-

tions � 90% for all indicated concen-
tration settings, and the replicate tests
were highly variable, which indicates
limited entrainment and unstable mix-
ing (Table 1).

The delivered flow rates of the direct
connection and large bore tubing sys-
tems increased as indicated oxygen
concentrations were decreased (Fig
2), as would be expected because of
their intrinsic relationship; ie, the
larger volume of entrained air re-
sulted in increased outlet flow rates
while simultaneously diluting the sup-
plied oxygen. Delivered flow rates had
roughly an inverse exponential rela-
tionship to the indicated oxygen con-

FIGURE 2
Oxygen concentrations delivered with the direct connection and large bore tubing systems approxi-
mated the oxygen concentrations indicated at the entrainment device. The cannula-like system did not
deliver appropriate oxygen concentrations.

TABLE 1 SDs and 95% Confidence Intervals for Each Indicated Oxygen Concentration

Indicated Oxygen
Concentration

Direct Connection Large Bore Tubing Cannula-Like
(Supply Line)

SD 95% CI SD 95% CI SD 95% CI

28 0.08 30.6–30.8 0.55 36.0–37.0 9.87 82.4–99.7
29 0.08 31.1–31.3 0.63 36.5–37.6 8.99 87.5–100
30 0.04 31.5–31.6 0.38 36.5–37.2 7.90 86.1–100
40 0.08 38.1–38.3 0.51 41.6–42.5 8.67 85.5–100
50 0.27 47.3–47.7 0.81 49.3–50.7 9.54 83.6–100
60 0.47 58.8–59.6 0.23 60.2–60.6 2.63 95.5–100
70 0.31 71.5–72.0 0.43 72.0–72.8 0.58 98.5–99.5
80 0.17 82.0–82.3 0.31 82.4–83.0 0.42 99.2–99.2
90 0.21 93.7–94.0 0.29 93.4–94.0 0.13 99.5–99.7

CI indicates confidence interval.
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centrations. The large bore system en-
trained less air than the directly
connected system, which resulted in
lower outlet flow rates at certain in-
dicated oxygen concentrations be-
cause of the increased resistive load.
At all indicated concentrations, the
cannula-like system delivered outlet
flow rates that were less than the
inlet flow rate of pure oxygen, which
indicates that air was not properly
entrained (Fig 3).

DISCUSSION

These experiments demonstrate that
entrainment devices can accurately
and precisely deliver set oxygen con-
centrations at flows lower than those
for which they are nominally designed,
but only if used with low resistance de-
livery systems. The entrainment device
failed to deliver accurate concentra-
tions with a supply line similar in char-
acter to a nasal cannula. This was
likely because of the higher resis-
tance of the nasal cannula-like deliv-
ery system, which led to decreased
air entrainment. Thus, there is a
threshold at which delivery system
resistance prevents entrainment
and outlet flow rates fall below inlet

flow rates, and oxygen is wasted. En-
trainment devices could be used to
deliver a specific inspired oxygen
concentration. The results of the ex-
periments are important because
the entrainment device was very ac-
curate and precise when used with
an oxygen hood or mask type system,
and thus, could be used to deliver a
specific oxygen concentration. How-
ever, the flow used with a hood or
mask has to be high enough to pre-
vent rebreathing. In addition, the
mask may not be tolerated well by
infants.

In these experiments we examined the
ability of the entrainment device,
which has been used to deliver
blended oxygen at higher flow rates
for adults, to be adapted to deliver ap-
propriate concentrations at the low
flows that infants and small children
need. The outlet flow is inversely re-
lated to the delivered oxygen concen-
tration because of the constant con-
centrations of the inlet gases. These
experiments did not directly examine
how the air is entrained. In fact, in
some of the experiments with the
cannula-like delivery system, there

was leakage of oxygen and a relative
lack of entrainment. Additional experi-
ments of the mechanisms and studies
with patients using pulse oximeters
would provide additional important
information.

In studies in which the properties of
air entrainment devices with inlet
flows � 4 L/minute have been exam-
ined, the ability to deliver accurate ox-
ygen concentrations has been demon-
strated.21,22 However, labels that
indicate oxygen concentration should
not be accepted without scrutiny be-
cause inaccuracies in oxygen concen-
tration delivery can occur.23 To the au-
thors’ knowledge, studies in which
entrainment devices at the low inlet
flow rates examined in this study have
been evaluated have not been pub-
lished previously.

In this study it is indicated that entrain-
ment devices, designed for adults and
for use at high flow rates, can act as
blenders and provide low cost, low
maintenance, low concentration oxy-
gen therapy at the low flows needed by
infants and small children. The en-
trainment devices are fully disposable
from the point of oxygen entry to the
delivery device. These advantages,
when compared with more complex
traditional blenders, are somewhat
offset by the slight but clinically insig-
nificant decrease in accuracy and pre-
cision of delivered oxygen concentra-
tions. According to our results, the
entrainment devices can work well
with oxygen masks and hoods. How-
ever, the entrainment devices cannot
be used with the traditional nasal can-
nulas as a delivery device because of
their high resistive load. Alternate pa-
tient delivery systems, including
masks (with exhalation vents) and
hoods, can be used with the entrain-
ment devices, but these alternate de-
livery systems are not as efficient as
cannula because of their larger dead
space and the need to prevent carbon

FIGURE 3
The direct connection and large bore tubing systems delivered flow rates with inverse exponential
relationships to the indicated oxygen concentration. The cannula-like system failed to properly entrain
air.
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dioxide rebreathing. Flow rates of at
least 2 to 3 L/kg per are required for
hoods to prevent rebreathing.24,25 Data
for infants and newborns treated by
using oxygen masks are not avail-
able.26 Alternatively, nasal cannula de-
livery systems can be modified by re-
ducing their resistive load. The new
resuscitation guidelines recommend
oxygen saturation targeting during
neonatal resuscitation to avoid hypox-
emia and hyperoxemia,27,28 which
would require oxygen and air blending.
Additional research is needed to test
low cost blenders with resuscitation
equipment. However, room air resusci-
tation can reduce neonatal mortality29

and has been done without oxygen
blending in large clinical studies.30,31

In clinical studies, hypopharyngeal
oxygen concentrations have been
shown to be reliable measures of the
actual inspired oxygen concentra-
tions.32–38 If hypopharyngeal oxygen
concentrations need to be decreased
from those achieved with the 100% ox-
ygen source, an entrainment device
would be useful in those situations.

CONCLUSIONS

Entrainment devices designed to oper-
ate at high flow rates for adults can be
operated at lower flow rates and can
be used to administer blended oxygen
to infants and small children. In this
study we show that these devices are
sensitive to resistive load but can be
used with delivery systems with a low

resistive load, such as oxygen masks
and hoods. Entrainment devices can
eliminate the need for complex and ex-
pensive blenders and compressed air.
Their low cost and low maintenance
requirements would allow targeted,
effective oxygen treatment of infants
and small children for life-threatening
pneumonia and other pulmonary dis-
orders, particularly in resource-
limited developing countries.
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